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Chapter 7

Conclusion

In this thesis, optical properties of specially designed and sythesized metal-semiconductor
hybrid nanostructure (HNS) has been studied. Specifically the dependence of static
and ultrafast optical properties of the hybrid on the shape and size of the con-
stituent nanoparticles and the ratio between number of metal nanoparticles (MNP)
and semiconductor quantum dot (SQD) in a given HNS. Both experimental and the-
oretical methods were used for this purpose. The general methodology used was to
synthesize the individual component of HNS i.e. MNP and SQD, by wet chemical
method and then form different HNSs by mixing them in certain number density ra-
tio. The number density ratio was chosen such that the final HNS formed is stable.
Once a given HNS colloid is formed, its static response like absorption and PL spec-
tra were measured and compared with that of the individual colloidal constituent
that are used to form the HNS. These results were then compared with that of the-
oretically modelled, to understand the effect of synergistic interaction like charge
transfer, energy transfer, electromagnetic interaction, etc on its optical properties. A
single type of metal (Ag) and semiconductor (CdTe) was chosen so that the effect
of the shape, size and number of density ratio on the final optical property of HNS
could be studied.

Since there was neither theory nor an experimental method reported earlier to
form unique HNS colloid, therefore first such theory was developed. This theoreti-

cal prediction was then confirmed by experiments to grow stable and unique HNS
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colloids. This was done by first showing that colloids prepared by mixing MNP
and SQD colloids at different number density ratios result in a mixture composed
of a single MNP-SQD hybrid and one kind of unattached original particles. With
this, it has been shown that the properties of hybrid samples prepared by such self-
organized growth are decided by the variation in number density of the hybrid and
the unattached particles and not due to a continuous change in the interaction be-
tween MNP and SQD as was assumed earlier. This method has enabled preparation
of specifically designed Ag-CdTe structure of various types and allowed structural
characterisation of self-organised HNS by optical measurements itself. These stud-
ies are crucial for the advancement in the area of colloidal self-organisation.

Using this result, we prepared a specific HNS such that there are two Ag NPs per
CdTe QD. The extinction spectra measured during growth suggests that the final
HNS have two touching Ag NP and a CdTe QD in between them close to the point
of contact. Typically it was always thought first one has to bring two Ag NPs close
to each other to form the hot spot and then place the SQD at that location. The tech-
nique presented here to place CdTe QD at the hot spot is completely reverse. Here
the two Ag NPs were brought together and glued by the CdTe QD there by forming
large number of Ag\CdTe/Ag HNS by self-assembly. This method of placing the
SQD could be used to form similar structures using any metal and semiconductor
combination thus finds wide application towards harnessing the enhanced field for
various applications. By the very nature of structure itself, the Ag\CdTe/Ag HNS is
expected to show a strong plasmonic response. This was conformed by comparing
the calculated plasmonic optical response with that of the measured. Ultrafast tran-
sient measurements also showed that the response of Ag\CdTe/Ag to a short pulse
is majorly plasmonic. However, it was demonstrated that the presence of CdTe QD
strongly influences the dynamics when the probe excites the gap plasmon. This is
because the probe field gets enhanced in the gap plasmon and sense the presence of

CdTe QD. The plasmonic response was so dominant in this structure that the CdTe
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QD could not show any measurable photoluminescence (PL). On the other hand, a
HNS with more number of CdTe QD compared to Ag NP should also be able to emit
PL.

An Ag-nCdTe HNS formed by each Ag nanosphere covered by CdTe QDs could
show PL. The emission strength as well as spectrum of the PL from the HNS was
very different compared to that of bare CdTe QDs. The structure also allowed stud-
ies on the origin of radiative and non-radiative ultrafast optical response when Ag
NP and CdTe QD interacts in a HNS. The ultrafast transient transmission of HNS,
when excited near to LSPR, showed a faster recovery of hot electrons at a shorter
time scale (few picoseconds) while it showed a slower recovery at longer time scale
(few tens of picoseconds). This is because of the dominance of plasmonic response
of MNP in the shorter time scale and dominance a band-filling effect in CdTe QDs
at longer time. Further it was also found that the contribution of CdTe QDs to the
transient transmission was increased in the presence of Ag NP due to hot-electron
transport and local field enhancement by Ag NP. The underlying mechanism of
non-radiatiave and radiative relaxation in this HNS was also compared to that the-
oretically calculated using electromagnetic theory, two-temperature model and hot-
electron transport. This work provided significant insight into the various relax-
ation processes and contribution of charge transport to its optical response and PL
quenching mechanisms in metal-semiconductor hybrids.

Transfer of hot-carriers from the metal to semiconductor (or vice versa) has been
observed in various HNSs. Several such charge transport were also observed to
happen in ultrafast timescales and thus it was not straight forward to quantitatively
estimate the number of carriers. It is well known that the plasmonic response of
metal strongly depends on the density of carriers. Thus probing the plasmonic re-
sponse of metal should give quantitative information about the charge transport
between metal and semiconductor HNS. To quantify the charge transport in HNS,

we prepared a specific HNS having a plasmon resonance well below the band gap
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of the CdTe QDs. This structure allowed selective excitation of plasmon resonance
with hot-carrier transport from MNP to SQD and back to MNP. Using Drude model
and the changes in the number density of free electrons, we found that the transient
optical response of the hybrid is governed by both free-electron temperature and
the number of carriers transported from or to the MNP. Using the linear absorption
spectra as reference, this measurement allowed estimation of the number of carriers
hopping between the two constituents of the hybrid. The estimate of the number of
electrons hopping at ultrafast time scales will provide a way to optimize the design
of a metal-semiconductor hybrid system for specific applications. Studies on simi-
lar HNS showed that PL kinetic in HNS depends strongly on the excitation photon
energy.

To conclude, this thesis presents a general protocol to synthesize hybrid nano-
materials with desired structures and provided an understanding of the interac-
tions that creates synergistic effects in HNS. This has been achieved by growing
several self-organized HNS and characterizing them using static and ultrafast spec-
troscopic measurements and linking the results to its structure. These results were
also supported by suitable theoretical models. The future interest of this work in-
volves utilization of these HNS colloids and the models for achieving plasmon mod-
ulated emission, hot-electron transport in optoelectronics, solar energy harvesting

and photocatalysis.



Summary

Metal-semiconductor hybrid nanostructure (HNS) is an emerging paradigm for con-
struction of advanced materials having multiple functionalities that are derived
from synergistic interactions between metal nanoparticles (MNPs) and semiconduc-
tor quantum dots (SQDs). Appropriately designed HNS materials can show better
performance as sensors, energy harvesters, efficient emitters and as better photo-
catalyst. In this thesis, it has been demonstrated that in a mixed colloid of MNP
and SQD, the properties of hybrid samples prepared by self-organized growth is
decided by the variation in number density of hybrid vs unattached particles and
not due to a continuous change in the interaction between them. This allowed struc-
tural characterization of self-organized HNS by optical measurements itself. These
studies are crucial for the advancement in the area of colloidal self-organization.
Using this method, a semiconductor quantum dot could be placed between two Ag
nanospheres in the hot-spot region. This assembly technique can be extended to
other noble metals and semiconductor quantum dots capped with thiols. This is an
important step for the applications of hot-spot. The underlying mechanism of ul-
trafast response in HNS is modelled using electromagnetic theory, two-temperature
model and hot-electron transport. Each of these variation plays an important role
depending on the structure of Ag-CdTe hybrid. To quantify the hot-electron trans-
portin HNSs, a method is developed that estimates the number of electrons hopping
between the two constituents of the hybrid at ultrafast time scales. This provides
a way to optimize the design of a metal-semiconductor hybrid system for opto-
electronic and catalytic applications. Photoluminescence (PL) spectroscopy on this
HNS revealed that PL kinetics depends on the excitation photon energy when the
PL emission spectrum overlaps with plasmom peak. This opens up possibility of

designing a material that is well suited for light-emitting devices.
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Introduction

Artificially prepared materials that are structured in nanometer length scales are
becoming increasingly important for several applications. This is due to the fact
that the properties of such materials can be modified by appropriately structuring
them in nanoscale. The method of modifying the properties can be used to improve
the efficiency, sustainability and speed of the existing technologies. Semiconduc-
tor quantum dots (SQD) are an excellent candidate for optoelectronics and light-
harvesting devices due to their suitable tunable fluorescence and absorption proper-
ties[1-3]. On the other hand, metal nanoparticles (MNP) have ability to manipulate
light in nanoscale beyond diffraction limit[4]. Hence, it finds wide applications in
surface-enhanced Raman scattering (SERS), scanning near-field optical microscopy
(SNOM), metamaterials, etc[5-8]. At present, intense research is being carried out
on metal-semiconductor hybrid nanostructures (HNS) since it is possible to design
them to show superior properties that can supersede the combined function of indi-
vidual material because of its synergistic behavior[9-14]. The optical response of a
hybrid material depends on several factors like the energy difference between emis-
sion wavelength of SQD and localized surface plasmon resonance (LSPR) peak of
MNP, the band alignment between metal and semiconductor, the shape and size of
both the particles, the distance between them and their spatial distribution around
each other[9-14]. Due to the role of such large number of parameters, the possible

interaction mechanisms in HNS are still under intense research.
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A MNP can enhance the electromagnetic field around it when excited at wave-
length, close to its LSPR. Therefore, the light-matter interaction in a SQD can be
enhanced by placing it near to the MNP. Such enhancement can increase the effi-
ciency of semiconductor devices like photodetector, solar cells, LED etc [15-17]. It is
also possible that charges excited in the MNP can move to the SQD and such charge
transfer can further increase the efficiency of light harvesting devices[18-20]. Thus,
appropriately designed HNS materials can be made to make use of advantages of
both individual materials for better performance as sensors, energy harvesters, ef-
ficient emitters and photo-catalysts[8, 12, 17, 21-30]. However, for designing such
hybrid material targeted towards a specific application, it is essential to understand
the possible interactions between the individual constituents. In the following seg-

ments, we will discuss the fundamentals of optical response of MNP and SQD.

1.1 Optical Response of Metal Nanoparticles

When a small MNP of arbitrary shape is embedded in a transparent host medium,
the field distribution around the MNP and the field inside the particle are much
different from that of the applied field due to the dielectric confinement. Such con-
finement can lead to resonances called as the LSPR. The number of LSPR peaks as
well as its peak wavelength depends on the dielectric constant of the particle and
host medium, shape and size of the particle, its orientation with respect to the ap-
plied field and distribution of particles in host medium[31-34].

The local field distribution in and around a spherical particle in presence of static
tield can be calculated by solving Laplace’s equation along with the dielectric con-
stants of the particle and the host. The results obtained with the static solution can
also be used for non-static electromagnetic fields provided that the wavelength of

the light is much larger than the size of the particle. Static solutions for the optical
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response of particles are limited only to few other shapes like coated spheres, ellip-
soids, infinite rods, etc. The complete solution for the optical response of a spherical
particle of arbitrary size derived using Maxwells equation is given by Mie theory[31,
35]. Currently, it is also possible to grow several other shapes like cubes, rods, thin
particle having triangular or hexagonal cross-sections, etc[34, 36]. There are no ana-
lytic theory for estimating the optical response of such structures and one has to rely
on numerical techniques. Different numerical techniques like finite element meth-
ods, coupled dipole approximation and discrete dipole approximations can be used
for calculating the optical response of an arbitrary-shaped particle of any size [32,

37].

1.1.1 Optical response of a small dielectric sphere

FIGURE 1.1: Schematic of a single dielectric sphere of dielectric con-
stant ¢, embedded in a host medium of dielectric constant .

Consider a small homogeneous, isotropic and linear spherical particle of radius
R and a dielectric constant €;,;, embedded in a medium of dielectric constant €5 as
shown in Fig.1.1. Let Ey = EgZ, be the uniform static field applied on this particle.
Using Maxwells equation, the potential inside the sphere can be written as,

3E0€5
V., = — =" )5 1.1
m (em + 265) Z ( )
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The corresponding electric field inside the particle is,

- av; E
E, = ins _ 3Epes 5

dz (em +2€5)

(1.2)

Thus, the field inside a small dielectric sphere embedded in a medium is constant
and is proportional to the applied field. Further, if the dielectric constant of the
sphere and the medium are such that (€, + 2¢5) is very small, then the electric field
inside the medium can have much larger magnitude than that of the applied. In fact,
this condition leads to the origin of LSPR in case of MNP embedded in a transparent

host medium [31]. The potential outside the sphere can be written as,

1 € — €
Vv, 0) = —Eyz— — |4meR3 | —=— " ) Ey| z. 1.
out (7, 6) 027 tre,r [ e (em+2€s) O}Z (1.3)

The above expression for the electric potential outside the sphere is identical to that

of a ideal dipole with a dipole moment p given by,
§ = 47e,R3 (:S;em) E (1.4)

Thus, in a static electric field, a small dielectric sphere acts as a dipole having polar-
izability,

. 3 €m — €s
s = 47TR € (—Gm +2€S) . (1.5)

Using the Eq.1.3, the field outside the particle can be written as,

Eout=Ey(1+ ————%) 2. 1.6
out 0 < + 7”3(65 +2€s)> Z (1.6)

Figure 1.2 shows a typical field distribution near a small dielectric sphere which

is similar to a dipole. If the sphere itself is considered as a collection of tiny dipoles,
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FIGURE 1.2: Field distribution in and around a dielectric sphere in
static field approximation.

then the dipole moment of the sphere is given by,
p=VP (1.7)

where V is the volume of the sphere and P is the polarization of the medium outside

the sphere. Then
P = V(em—es)Eq (1.8)

Therefore, the polarizability outside the sphere is,

€m — €s
= L 1.9
s = 36V <€m T 2€S> (1.9)

Thus, both the internal and external field distribution leads to the same expression
for polarizability of a small sphere.

So far in this calculations, a uniform static field approximation was used for the
estimation of the response of the sphere. Using this, we found that the response of
the small particle to the applied field is same as that of a tiny dipole. Thus if the
applied electric field is uniform over the particle, the same equations can be used

even for a time varying electromagnetic field. In such cases the wavelength of the
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light has to be much larger than the size of the particle such that the whole particle
experiences a uniform field at a given moment. This approximation is called as the
quasi-static approximation.

In comparison with a point dipole, the cross-sections for the extinction, scattering

and absorption by a single small sphere can be written as[31],

Cext — k[m{“s}, (1.].0)
Cor = L fucP, and (1.11)
sea = oI ;a .

Caps = Cext — Csca, (1.12)

respectively. Here, k = 27t/ A with n as the refractive index of the host medium and
A is the free space wavelength of light used.

In case of spherical particles, due to its spherical symmetry, the polarization is
independent of its direction to the applied field polarization. However, for an asym-
metric object, the polarization will strongly depend on the direction of the applied
tield with respect to the object. Thus, the electronic polarizability ,«, of such particle
is no more independent of direction as in the case of sphere but can become a tensor.
Even if a particle is spherical but if the dielectric constant of the material that forms
the sphere is not isotropic, the particle polarizability has to be defined as a tensor. In

the following we show one such case of common nonspherical particles, ellipsoid.

Ellipsoid

For ellipsoid, the three principal axis can always be chosen along the diameters of

the ellipse such that, with respect to principle axis, the dielectric tensor has only
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three components that are non zeros as shown in Fig.1.3.

ay 0 O
a=10 a, 0 (1.13)
0 0 a,

FIGURE 1.3: Various components of polarizability of a ellipsoidal par-
ticle.

When the electric field is applied to an ellipsoidal material, dipole is induced in
it. Let us assume that the size of the ellipsoid is such that it satisties quasi-static
approximation in all three directions. The polarizability of the ellipsoid can be cal-
culated by solving Laplace’s equation but using ellipsoidal coordinates. From the

solutions the polarizability component of the ellipsoid in x direction is given by [31],

4rtayaya; €5
= —2 " — , 1.14

where L, is the depolarization factor given by,

_ /oo ds
S )i ad)s e+ ad)

Axlyfd;

(1.15)

where a;’s are the radius of ellipsoid in i direction. The depolarization factors for

the other two directions, y and z, are also defined in the similar way and obey the
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relation Ly + L, + L, = 1.

1.1.2 Optical Response of Collection of Small Particles

FIGURE 1.4: Schematic of dielectric spheres of dielectric constant €,
embedded in a host medium of dielectric constant e;.

In the previous section, we have shown that a small dielectric sphere in the quasi-
static approximation behaves as a dipole. Let us consider a medium consisting of
several such small spheres of a different material as shown in Fig.1.4. Let €, be the
dielectric constant of the material of the sphere and €; be the dielectric constant of
the host material. In order to treat this composite as a smooth dielectric medium, it
is essential to introduce the concept of volume averaged fields.

When an uniform field is applied in this material, as we have discussed earlier,
the actual field experienced by a sphere may not be same as that of applied. This
is due to the fact that the field experienced by a sphere at a given location has the
contribution from the field induced by all the other spheres and the applied field. .
Let E; be the field inside the host medium. However, if the spheres are distributed
sufficiently far away from each other then using Eq.1.2, the field inside the sphere,

E,,, can be written as,

E. = FE, (1.16)
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where

- 3¢€;
= Temt 20’ (1.17)

where F is the local field factor which is defined as the ratio between the field inside
a sphere to that of applied in the surrounding medium.

Assuming that the distribution of spheres in this medium is such that if we con-
sider a sufficiently large volume, the average behavior of the medium remains same.
In such case, it is possible to define a effective macroscopic permittivity for the
medium (€,7) (in the same way as that we defined for dielectric medium containing

molecules) such that
(D) = ey (E) (1.18)

here the () represents an average over a large enough volume such that the local
variations in the field can be averaged out. Let f be the fraction of the volume occu-
pied by the spheres in the medium under consideration, then (1-f) is the fraction of
volume occupied by the host medium. The average field inside the medium can be
estimated by the weighing it with respect to the volume fraction. Thus the averaged

flux density and electric field can be written as [38],

= fewEm+ (1 — f)esEs and (1.19)

/\ /\
e O
\/ \/
|

= fEn+ (11— f)E, (1.20)

respectively. Substituting these in Eq.1.18 and using Eq.1.17, we can arrive at an

expression for the dielectric constant of the effective medium as

€m — €s

Em+ 26— flem —€) (1.21)

€eff = €s + 3fé€s

This equation, which defines the effective dielectric constant in terms of the dielec-

tric constants of inside material and the volume fraction, is called as the Maxwell
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Garnett mixing formula [38]. For low volume fractions, f << 1, we can write,

€m_€s

_ 1.22
€m + 2€; ( )

Eeff A €5+ 3f€s

In general, the host medium used in nanocolloid is transparent (non-absorbing)
hence the imaginary part of € is zero. However, the inclusions can be absorbing,

hence the €;, has both real and imaginary parts:
/ . 1
Em = €, + 1€, (1.23)

In such cases, the €, Ff also becomes complex and we can write,

(e —ex)lep+2e0) + ()] | Ofeler,
(€p, + 2¢5)% + € (€p, + 2¢5)% + €

€eff = €s + 3f€5 (1.24)

The absorption coefficient of a material is related to the imaginary part of dielectric

constant and is given by,

w
N = c\/e_s Im(eeff), (125)

where w and c is the angular frequency and velocity of light, respectively. Thus for

the effective medium, the absorption coefficient can be written as

18 7
‘e TTf€s/€s € . (1.26)
A (e +26)2 e,

1.1.3 LSPR of Ag nanospheres in water

As an example, let us consider the case of small silver spheres dispersed in water.
As noted from Eq.1.26, to calculate the wavelength dependent absorption coeffi-
cient of this composite medium, we should know the volume fraction of silver in
water and the dielectric constants of the Ag NP and water. For large particle, size

of the bulk dielectric constant could be directly used for this calculation. Figure
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1.5(a) shows the experimental bulk dielectric constants of silver and water[39] and

Fig.1.5(b) shows the calculated normalized absorption coefficient of Ag nanospheres
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FIGURE 1.5: (a) Experimental bulk dielectric constants of Ag and water
in the visible regime. (Ag real part: left axis; Ag imaginary part: right
axis; Water: left axis) (b) Normalized absorption coefficient of silver
particles dispersed in water calculated by using Eq.1.26.

dispersed in water. A single peak in the absorption coefficient occur at the wave-
length when the real part of dielectric constant of silver (€},) becomes equal to —2¢;
and the denominator in Eq.1.26 becomes zero. This resonance is called as the LSPR.
Generally, LSPR occurs in the visible regime in metal NP since the real part of dielec-
tric constant of metal can be negative in that regime. Recall that at €/, + 2¢; = 0, the
tield inside the particle is much larger than the applied (Eq.1.16). Thus, although the
silver has a low absorption coefficient at the LSPR wavelength, due to the dielectric
confinement, the field inside the particle becomes large which inturn leads to large
absorption by the particle, giving rise to LSPR.

Figure 1.6(a) shows the extinction, scattering and absorption spectrum of a 3
nm Ag sphere in water, calculated using Mie theory. For particles of small size the
contribution to the extinction from scattering is negligible. Thus, for particles of
size much smaller than 30 nm, only a single peak appears in the visible spectrum

which is nearly at 400 nm. For particles of such smaller sizes, Maxwell Garnett
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FIGURE 1.6: (a) The calculated extinction, absorption and scattering

cross-sections of a 3 nm Ag particle in water. (b) The calculated extinc-

tion, absorption and scattering cross-sections of a 60 nm Ag particle in

water. (c) The calculated extinction cross-section for Ag particle of size
3 nm, 30 nm and 60 nm immersed in water.

mixing formula can give the same result as that given by Mie theory. As the size
of the particle increases, the contribution to the extinction from scattering increases.
Figure 1.6(b) shows the absorption and scattering contributions to the extinction
spectrum of a 60 nm Ag nanosphere in water. It can be observed that for larger
spheres, the scattering efficiency dominates over the absorption efficiency. Figure
1.6(c) shows the comparison of extinction spectrum of some of the spherical Ag NPs
of different sizes. As the size of the particle increases from 3 nm to 30 nm regime,
the peak wavelength red-shifts. When the size of the particle is nearly 30 nm, an
additional peak appears nearly at 370 nm in the spectrum which can be attributed
to the higher order modes of sphere. For particles of this size, the Maxwell-Garnett
mixing formula can no longer be used to predict the fine details in the absorption
spectrum. This is because for larger sphere, the field distribution inside the particle
is no more dipolar and has contribution from higher order modes. At even larger
sizes, the number of modes increases along with the red-shift of the existing peaks

in the spectrum.
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1.1.4 Local field enhancement (LFE)

First generation LFE: As seen from Eq.1.17, when excited at LSPR, the MNP can
significantly enhance the strength of electromagnetic field around them and such
tield enhancement is known as first generation LFE[31, 40]. First generation LFE can
be as large as 20 times than that of the applied field and depends on wavelength, size
and shape of MNP and their surrounding medium[41, 42]. By placing an analyte
molecule at the high local field area created due to first generation LFE, the light
matter interaction in analyte can be increased. Such first generation LFE opened
up application of MNP in plasmonic sensing, optoelectronics, energy harvesting,
nanolithography, nano-antennas and imaging|[8, 17, 21-23, 43-46].

Second generation LFE: A second generation of local field enhancement can be
realized when two MNPs are placed close to each other (dimer) with separation less
than few nanometers. Excitation of the dimer at a specific wavelength with polariza-
tion along the line joining the centers of the two particles can excite a plasmon mode
known as “gap plasmon”[47, 48]. When the gap plasmon is excited, the field in the
gap between these two particles, known as the “hot-spot”, can get enhanced by a
factor of five orders of magnitude than that of the applied[49-51]. Theoretical stud-
ies on the generation of such high field using two MNPs of various size, shape, and
orientation is being reported by various groups[51, 52]. Although dumble shaped
MNP could be made experimentally, placing analyte like SQD at the hot-spot still
remains a challenge. Thus, placing the analyte at the hot spot in the gap plasmon be-
comes challenging despite its potential application in energy harvesting and sensing

applications.

1.2 Optical Response of Semiconductor Quantum Dot

Quantum dots, also known as artificial atoms, are particles of few nanometers in size

that has electronic and optical properties different from that of its bulk counterpart.
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Due to its very small size, QDs have bound, discrete electronics states like atoms
and molecules. Over the past few decades, SQDs have become a valuable compo-
nent in various optoelectronic application. When a photon is incident on SQD, the
absorption of the photon will lead to the excitation of the system. Once excited, the
system will tend to return back to the ground state by different relaxation processes
both radiative and non-radiative[53]. The carriers excitation and relaxing in SQD
depends on its size and plays an important role in deciding the efficiency of the op-
toelectronic devices like LED, laser diodes and light emission and light-harvesting
applications [1-3]. Several methods are being attempted to enhance and control the
photoluminescence (PL) emission kinetics of SQDs for the development of efficient
optoelectronic devices[13, 54]. Therefore, it is essential to understand the origin the
PL in SQD and how it varies with the size. To understand the effect of size of QDs
on its properties, it is essential to first understand confinement effects in SQD and

how the band gap or energy level distribution changes with the particle size.

1.2.1 Size Dependence of Band Gap
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FIGURE 1.7: Schematic diagram showing the effect of reduction in size
of a bulk semiconductor on the bang gap: Top-down approach.
The optical properties of SQD depends strongly on its size. This is primarily
due to the size dependent bandgap of the SQD. In view of the top-down approach

(schematic representation in Fig.1.7), the band gap energy of a QD of radius r is
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FIGURE 1.8: Schematic diagram showing the evolution of energy level
from diatomic molecule to a bulk semiconductor: Bottom-up approach.

given by,

Eg(r) = E0+

[ 1 1
8 27,2

i m—;ﬁj ~Jeon + EF H EP —0248Ef,  (127)
Where,Eg is the band gap energy of the bulk, the second term is the confinement
energy of electrons and holes, J,_j, represents the effective coulomb interaction be-
tween electron and hole, E} * and EZOZ is the self polarization energy of the elec-
tron and hole respectively and Ef, is the exciton Rydberg energy corresponding to
spatial correlation between the electron and hole. Equation 1.27 describes the two
important consequences of quantum confinements. First, the band gap energy of
the QDs increases with decreasing size, as D2, when the coulombic interaction is
negligible. Secondly, with quantum confinement, discrete energy levels arises at the
edge of both conduction and valence band. These implies that by varying the size
of the QD, the confinement energy can be varied and thus the optical band gap of
QDs can be tuned as desired. Even if the QDs are viewed in terms of bottom up
approach (schematic representation in Fig.1.8), we have seen that the gap between
the HOMO and LUMO changes continuously with the size of the particle. Thus,

as the size of the QDs decreases, the energy gap between highest level in valence

band and lowest level in conduction band increases [55, 56]. Therefore more energy
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is needed to excite the electron and simultaneously, more energy is released when

electron recombines with hole in the valance band.

1.2.2 Exciton

As mentioned earlier, in semiconductors, the absorption of light leads to an exci-
tation of electron from the valence band to the conduction band, leaving behind a
hole. In general, this electron and hole can experience a coulombic attraction which
binds each other to form a hydrogen like atom, known as exciton. The main dif-
ference between a hydrogen atom and an exciton is the difference in the masses of
carriers. First incase of hydrogen atom, mass of electron and proton are used while
in case of exciton, effective masses has to be used. Further, in case of hydrogen atom,
the electron mass . is very small compared to that of proton but in case of exciton,
the effective mass of electron m1; is nearly equal to that mass of hole (). Due to
this difference, the centre of mass of the exciton lies nearly in between the hole and
electron. Taking the analogy of the hydrogen atom, the most probable distance be-

tween the electron and hole in an exciton is defined as exciton Bohr radius and is

ne (1
ap = 6_2 ( ) , (128)

*
mex

given by,

where € is the dielectric constant of the medium. The reduced effective mass of the

exciton my, is defined as,

1.1 (1.29)
* * *
my  omy o my

Further, the ionization energy of exciton is given by,

o —myet 1
Ezon - 2h2€3 ﬁr (1.30)
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where 1 is the quantum number that defines the energy state in with exciton is

present.

1.2.3 Confinement Effects

In quantum dots the motion of electrons and holes are confined in all the three spa-
tial dimensions [55-57]. The electronic properties of QD lies between those of bulk
semiconductor and discrete atoms. The exciton Bohr radius ag is an appropriate
length scale (given by Eq.1.28) to assess the impact of confinement in QD. The charge

confinement in SQD can be categorized into different regimes:

1. Strong confinement regime: The QD radius, 7, is smaller than the exciton Bohr
radius, 7 << ag. In this regime, the confinement energy dominates over the

coulombic interaction between the electron and hole.

2. Weak confinement regime: The QD radius is much larger than the exciton Bohr
radius, ¥ >> ag. The coulomb interaction is not negligible when compared to

the confinement energy:.

3. Intermediate confinement regime: The QD radius is larger than the hole Bohr

radius but smaller than the electron Bohr radius.

1.2.4 Photoluminescence

In most semiconductors the excited electrons are free to move in the conduction
band while the holes are free to move in the valence band at room temperature. With
the excitation photon, if electrons are excited deep into the conduction band, the
electrons relax to the lowest energy edge of the conduction band through generation
of phonons. Once they reach the band edge, further non-radiative relaxation is not
possible since there are no more close energy levels below the edge of the conduction

band. Similarly, the holes in the valence band moves up until it reaches the top of
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FIGURE 1.9: Schematic E — k diagram and other possible energy states
in a semiconductors. The various possible origin of photoluminescence
(down arrows) is also shown.

the valence band. The free electron and free hole can recombine to emit photon
which is equal to the energy gap between conduction and valence band. Origin of
such emission is attributed to the free-carrier recombinations in semiconductor as
shown in Fig.1.9. When an exciton is formed inside the semiconductor the energy of
the electron hole pair is slightly lower than that of the free electrons and free holes
(see Fig.1.9). The difference between these energies is given by Eq.1.30. The such
electron-recombination also results in emission of photon but is slightly red-shifted
when compared to the case of recombination of free electrons and holes [58, 59].
For example, in case of bulk GaAs the exciton binding energy is 4.8 meV and
exciton Bohr radius is 11.6 nm, similarly in case of bulk CdTe the exciton binding
energy is about 10 meV and the exciton Bohr radius is 6.8 nm. The thermal energy
corresponds to room temperature is about 25 meV. Hence at room temperatures the
excitons are broken and the electrons and holes are free to move independently.

Thus, the PL from the bulk semiconductor samples at room temperature is most
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likely to be of free carrier origin. However, as the temperature is reduced, the PL
from the sample smoothly blue-shifts due to the temperature dependence of band
gap in semiconductors. At certain low temperature, the excitons would form when
the thermal energy is not sufficient to break it. At this temperature, the measured
PL from the sample will show a sudden red-shift. The origin of photoluminescence
from the sample below this temperature is more due to the exciton recombination.
In case of QDs, the electrons and holes are forced to interact with each other due to
the confinement potential provided by the boundary of the particle [55, 57]. Thus,
excitons can be observed in QDs even at room temperatures and the PL emission
can originate from exciton recombination.

Lastly, in most cases, the material is always expected to have defects incorpo-
rated in them owing to the imperfections in the structural and chemical composi-
tion. The interaction between the defects and the trapped particles strongly affects
the optical properties of the material. As the size of the semiconductor decreases,
such interaction can also become stronger. The recombination of electron-hole pair

via defect states can also result in emission of PL radiation (Fig.1.9).

1.3 Optical Response of Metal-Semiconductor Hybrid
Nanostructures

It is possible to enhance the optoelectronic and light harvesting applicability of
SQD when combined with LFE ability of MNP by placing them together to form
metal-semiconductor HNS. However, the interaction between SQD and MNP can
be complex due to the possible electromagnetic field interactions, charge exchange
and electrostatic interactions[60-64]. Even, with a given combination of metal and
semiconductor, it is possible to prepare several hybrid materials with very different

properties by varying the shape and size of the individual materials, contact area
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and the separation between them[14, 62, 65-67]. Several types of hybrid for exam-
ple core-shell, yolk-shell, Janus particles, heterodimers, etc have been developed
in the past[68]. Self-organization method is one of the commonly used approach
for building a wide variety of nanostructures because of its various benefits like
scalability, flexibility in structural dimensions across orders of magnitude, highly
stability as the process is self driven without any external perturbation and inex-
pensive. It is also possible to prepare HNS with different properties in a controlled
manner by self-organization of the individually prepared nanostructures by opti-
mizing the mixing ratio of MNP and SQD, changing the gap between them or by
changing the linking molecule[66, 69-71]. In such HNS, a good control over shape
and size of individual nanostructure is possible since well-established recipes exist
for the preparation of SQDs and MNPs with excellent control over their size and
shape by bottom-up techniques[6, 54, 72-74]. However, when the HNS forms by
self-organization of MNPs and SQDs, correlating its properties to the possible struc-
ture which is forming in nanoscale becomes complicated. This is due to the fact
that the number of MNPs and SQDs gets attached to form a single HNS for a given
metal and semiconductor depend on the size, shape, and the properties of linking
molecule. Several studies are being carried out to understand the properties of hy-
brid with an assumption that the mixing ratio would provide a way to control the
interaction between MNP and SQD in nanoscale [20, 75, 76]. It has been reported
that the presence of MNP can quench or enhance the PL and such changes depends
on the mixing ratio of the MNP in SQD. Similarly, in the absorption spectrum, the
exciton peak is wiped out while the defect state contribution also increases in incase
of hybrid depending on the mixing ratio. However, there is no report on to estab-
lish a clear understanding of their properties when prepared under different mixing
ratios, even for the case of linear optical response like PL and absorption. Further,
the self-organized growth method lacks control over the final structure formed. In

addition, formation of unique single HNS using self-organization growth method,
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is also not guaranteed. A development in the self-organization methods to form
unique single structure would help in advancement of colloidal science.

The carrier dynamics that takes place between MNP and SQD plays a vital role
in determining the final optical response of HNS[18, 77-79]. When a MNP is excited
at its LSPR, LFE could be used for increasing absorption in a semiconductor that
is placed close to the MNP thereby increasing the efficiency of light-semiconductor
interaction[12, 24-29]. Hot electrons created in MNP can tunnel to the neighboring
semiconductor thereby increasing its light harvesting efficiency. Similarly, carriers
excited in SQD can go to MNP. Most of such carrier exchange happens at ultrafast
time scales[63, 80-83]. At present lot of research is going on to understand such
carrier exchange mechanisms. Most of such studies are being carried out by excit-
ing the hybrid using an ultrafast pulse at a specific wavelength such that carriers
are excited either in metal or in semiconductor[63, 80-83]. The consequent carrier
dynamics in the hybrid is then studied at ultrafast time resolution to understand
the charge exchange between the constituents. In case of isolated MND, the ultrafast
transient optical response could be explained by the increase in temperature of free
electrons[84, 85]. On the other hand, in the case of isolated semiconductor QDs, it
is explained by band to band absorption, band filling, inter and intra band relax-
ation, etc [86]. In semiconductor QDs, both radiative and non-radiative processes
contribute to the total carrier dynamics, while in MNP only non-radiative processes
contribute. Thus, the various dynamical processes that occurs in individual materi-
als in HNS as well as their synergistic interaction complicates the understanding of
its complete optical response. Nonetheless, it is important to comprehend the basic
ultrafast interactions between these individual constituents for designing an HNS
focused toward a particular application.

HNS can also allow a good control over the emission property compared to that
of the constituent SQDJ[17, 70, 87]. The field enhancement due to LSPR can lead

to an enhancement in the absorption and emission cross-section from the nearby
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SQD[22, 40, 43, 88]. It is also possible that electron-hole recombination can occur
in an excited SQD, non-radiatively through excitation of plasmon in the MNP. Such
relaxation will cause an reduction in PL emission[20, 75, 89]. On the other hand,
a plasmon excited in the MNP can decay by exciting a electron-hole pair in SQD
and thereby contribute to an increase in PL[19]. Such energy exchange between
MNP and SQD strongly depends on several factors like shape, size, properties of the
individual elements and its distribution[90-94]. Most of these studies in HNSs have
been focused on exploring distance or size-dependent plasmon-exciton coupling
between MNP and SQD[17, 70, 87]. However impact of excitation energy on the
relaxation process in SQD in the presence of MNP still remains unclear.

Finally, the rest of the thesis is structured in the following way: In chapter 2, we
discuss about the different techniques used to characterize the individual compo-
nents and HNS under study. In chapter 3, we demonstrate a method to prepare a
single type of HNS by measuring only its optical response. The required theory is
also presented in this chapter. The method developed in chapter 3 is used to syn-
thesize HNS where a SQD is placed between two Ag nanospheres. The static and
ultrafast properties of this Ag\Cdte/Ag HNS is discussed in chapter 4. In chapter
5, we present the static and ultrafast optical response of HNS in which each MNP
of spherical shape is completely surrounded by SQDs and discuss about the origin
of the observed properties. In chapter 6, we discuss about the static and ultrafast
optical response of HNS formed by each MNP nanoplate covered by SQD. In this
chapter, we use this HNS to develop a formalism to quantify the charge transport
between the two constituents of the HNS at ultrafast time scales. Lastly, chapter 7

gives the conclusion of the thesis.
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Chapter 2

Experiment Details and Methodology

Due to recent growth in nanotechnology, nanoparticle of a single material could be
sythesized with good control over shape and size. There are two kinds of approach
in growing nanoparticles, the top-down approach and the bottom-up approach. In
top-down approach, the nanoparticles are formed by slicing or fragmenting bulk
material down to nanoscale size by using technique like lithography, milling, ma-
chining, etc. On the other hand, in bottom-up approach, nanoparticles are build
up from bottom, atom by atom, molecule by molecule and cluster by cluster by
self-organization using wet-chemical method, vapour phase deposition, sol-gel, etc.
Both of these approaches have their own set of advantages and disadvantages. Top
down approach is good for producing relatively larger structures with long range
order and for making macroscopic connections. However, these methods are of-
ten destructive which causes significant crystallographic damage resulting in pro-
nounced surface and structural imperfections. Bottom-up approach, on the other
hand, is best suited for preparing nanoparticles in few nanometer scale dimensions
with good control over their size & distribution with less defect. Thus, with the
umpteen advantages, the bottom-up approach is widely chosen for the production
of nanoparticles. Figure 2.1 shows the schematic of these two synthesis methods for

nanoparticle preparation.
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FIGURE 2.1: Schematic representation of the top-down and bottom-up
methods of nanoparticle synthesis.

Once the nanoparticles are synthesized, they need to be characterized to under-
stand their true structure, and optical properties. For example, microscopic tech-
nique like atomic force microscope (AFM) and transmission electron microscope
(TEM) can be used to explore the structural properties of the particles. These tech-
niques are also useful for determining morphology, particle average size distribu-
tion and it’s shape. Spectroscopic techniques like ultraviolet-visible (UV-Vis) and PL
are employed for confirming the concentration of particles and their electronic tran-

sitions, studying emission and absorption properties and monitoring time-dependent
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luminescence. Similarly, ultrafast pump-probe measurements is used for monitor-
ing the time-dependent carrier dynamics that occurs in ultrafast time scales (fem-
toseconds) and is analysed using two-temperature model (TTM) and band filling
effect. Each of these techniques has its own advantages and disadvantages, there-
fore combination of different techniques are used for obtaining complementary re-
sults.

Many times, it is essential to understand the modification in the static optical
response of the particles with respect to its bulk. In case of spherical particles, Mie
theory could be used to calculate the expected optical response of nanoparticles[95].
On the other hand, general theory similar to Mie theory does not exist for optical
response of particles of arbitrary shape and even aggregates of spheres. Hence, one
has to rely on numerical techniques like DDSCAT or T-matrix. Using the results ob-
tained by these numerical simulations, it is possible to calculate the expected optical
response of a nanoparticle. This theory can also be used for estimating the size of the
particles. By comparing the C,y; estimated by the calculation with that of the exper-
imentally measured, it is also possible to estimate the number density of particles in

the sample.

2.1 Sample Preparations

In this thesis, silver (Ag) and cadmium telluride (CdTe) are used as model MNP
and SQD, respectively. The idea is to fix the material and study the changes in
the static and ultrafast optical response with respect to the structure of hybrid. Ag
NP are the most commonly used, highly commercial nanoparticles. This is due to
their unique properties like high chemical stability, size and shape tunable LSPR in
visible regime, and are also very cost effective. On the other hand, CdTe QDs are

being reconsidered extensively in the field of laser, LED and biomedical applications



Chapter 2. Experiment Details and Methodology 26

due to their size tunable optical properties and narrow emission width in the visible

regime and also have higher photostability.
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FIGURE 2.2: Schematic of CdTe QD growth setup.

FIGURE 2.3: Photographs of PL emission from CdTe QDs of different
sizes when excited by 400 nm.

2.1.1 Preparation of CdTe quantum dots

The two pot synthesis method was adopted for the preparation of CdTe QDs. Fig-
ure 2.2 shows the schematic illustration of CdTe QD growth setup . This process

required cadmium chloride (CdCl,) and potassium tellurate (KTeO3) as precursors.
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FIGURE 2.4: (a) TEM images and (b) the pseudo color images of AFM

height profiles of CdTe QDs. The height profile along the straight lines

marked in the AFM images is shown in (c) which is obtained from the

AFM images for the CdTe QDs. (d) The extinction and PL emission of
CdTe QD of size ~ 4 nm in water.

2.3 mM of CdCl, was dissolved in 100 ml of ultrapure water with resistivity 18 M
() followed by 0.8 ml of thiolglycolic acid (TGA). The solution was kept under Ni-
trogen atmosphere and was constantly stirred by magnetic stirrer. The pH value
of the solution was adjusted to be in the range 10.5-11 using 1 M sodium hydrox-
ide (NaOH) solution. The Cd source was then transferred to a three-necked flask.
Alongside, 1 mM of KTeO3; was dissolved in water in another three-necked flask.
KTeOj3 source solution was reduced by ice cold sodium borohydride (NaBHj) solu-
tion and then heated at 80° C under constant stirring. The KTeO3 then reduces to
NaHTe which was indicated by the pink colour of the solution. This solution was
then quickly transferred to Cd solution. The mixture was then heated at 90°C for
hours to form CdTe QD of desired size. Figure 2.3 shows photograph of PL from
CdTe QD of different sizes in water when excited by 400 nm laser. Figure 2.4(a), and
(b) shows the typical TEM and AFM image of CdTe QD, respectively. The average

size estimated from these images is ~ 4 nm. A typical extinction and PL spectrum
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of as prepared CdTe QDs colloid is shown in Fig.2.4(d).

2.1.2 Preparation of Ag nanospheres
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FIGURE 2.5: Schematic of Ag NP growth process.
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FIGURE 2.6: (1) TEM images and (b) the pseudo color images of
AFM height profiles for Ag nanoshperes. The height profile along the
straight lines marked in the AFM images is shown in (c) which is ob-
tained from the AFM images for the Ag nanoshperes. (d) The typical
extinction of small Ag nanoshperes of size ~ 15 nm in water.

Colloidal solution of Ag nanospheres in water was prepared chemically by a
method similar to that reported by Jin et.al[96]. Figure 2.5 shows the schematic il-

lustration of Ag nanosphere growth process. In this process, 5 mM AgNO3; was
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dissolved in 100 ml of ultrapure water. 30 mM trisodium citrate was then added
into the solution. After 45 mins, 1 ml of NaBHj in ice cold solution was added to the
mixture. The solution turned yellow, indicating the formation of Ag nanospheres.
Over next 10 mins, few more drops of NaBH, solution were added for the complete
reduction of the AgNQOj3. The solution was stirred by magnetic stirrer at room tem-
perature during the entire preparation procedure. Figure 2.6(a), and (b) shows the
typical TEM and AFM image of Ag nanospheres, respectively, of size nearly 15 nm.

The extinction spectrum of the same Ag nanospheres colloid is shown in Fig.2.6(d).

2.1.3 Preparation of Ag nanoplates
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FIGURE 2.7: (a) TEM images and (b)The pseudo color images of AFM

height profiles for Ag nanoplates. The height profile along the straight

lines marked in the AFM images is shown in (c) which is obtained from

the AFM images for the Ag nanoplates (encirlced). (d)The typical ex-
tinction spectrum of Ag nanoplates in water.

Colloidal solution of silver nanoplates in water was prepared chemically by a
method similar to that reported by Metraux[97]. In this method, 1 mM of silver

salt (AgNOs3) was dissolved in 100 ml of ultra pure water. To this, 1.2 M solution
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FIGURE 2.8: Photograph of Ag NP colloid (left: yellow color -
nanospheres, Right:blue color- nanoplatelets).

of tri-sodium citrate and 10 mM of Polyvinylpyrrolidone (PVP, MW 40000 ) in wa-
ter were added and stirred vigoursly at room temperature. A measured amount
of hydrogen peroxide (HyO;, 30 wt % 1.2 ml) was added to it. After some time, 8
mM solution of NaBHy4 was added to the above solution which reduces the silver
salt. The solution shows a series of color changes as soon as the reducing salt is
added to it. The solution was stirred by magnetic stirrer during the entire prepa-
ration procedure at room temperature. The solution turned blue which indicates
the formation of Ag nanoplates. Figure 2.7(a), and (b) shows the typical TEM and
AFM image of Ag nanoplates, respectively. It shows particles of an average diame-
ter and thickness of 34 nm and 5.2 nm, respectively. The typical extinction spectrum
of this Ag nanoplates in water is shown in Fig.2.7(d). Figure 2.8 shows photograph

of nanospheres (yellow coloir) and nanoplates (blue color) dispersed in water.

2.1.4 Preparation of Hybrid Nanostructures

The HNS in colloidal solution were prepared by mixing individually prepared col-
loidal solution of Ag NP capped with trisodium citrate and CdTe QD capped with
TGA. During synthesis, citrate ions attach loosely to the Ag cluster which provides

the particle surfaces with a negative net charge. This is one of the common way to
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FIGURE 2.9: Schematic representation of the self-organization process
in hybrid sample.

stabilizes the particles solution against vanderWaals attraction. Similarly, the TGA
also provides negative net charge to CdTe QD core, providing the stabilization of the
CdTe QD colloid. This type of stabilizing the particles, using electrostatic repulsion,
is called electrostatic stabilization. In the mixed solution of Ag NP and CdTe QD
colloids, both the Ag and CdTe particles are negatively charged. When TGA capped
CdTe QDs are brought near to Ag NP, TGA replaces citrate in Ag NP via ligand
exchange because citrate layer in Ag NP is loosely bound and Ag core has better
affinity towards TGA than citrate. Thus HNS of CdTe QD and Ag NP is formed
in the aqueous solution. Such process of forming HNS are called self-organization.
Figure 2.9 shows the schematic of self-organization process that forms hybrid parti-
cles. We prepared the hybrid sample by mixing the SQD colloid with MNP colloid
in a ratio 7y, where 7 is defined as the ratio between the volume of the MNP colloid
(Vp) to that of the SQD colloid (Vp). Figure 2.10(a) shows the typical AFM image of
HNS. AFM scans of HNS shows a broader wing (Fig.2.10(b)) corresponding to the
CdTe QDs surrounding the Ag NPs. Figure 2.10(c), shows the extinction spectrum of
HNS colloid in comparison to non-interacting mixture of Ag NP colloid and CdTe
QD colloid. The non-interacting mixture of CdTe QD and Ag NP does not match
with the hybrid which implies that there is some kind of synergistic interaction be-
tween CdTe QD and Ag NP. Figure 2.10(d) shows the PL emission spectrum from

HNS which is quenched when compared to PL emission spectrum from CdTe QD.
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FIGURE 2.10: (a) The pseudo color images of AFM height profiles for

HNS. The height profile along the straight lines marked in the AFM

images is shown in (b) which is obtained from the AFM images for

the HNS. (c) The extinction of HNS colloid in comparison with non-

interacting mixture. (d) The PL emission from HNS in comparison with
CdTe QDs in colloidal form.

2.2 Structural Characterization of Nanoparticles and Hy-
brid

For structural characterization, a few drops of individual colloid and hybrid colloid
were dried on mica substrates and used for AFM and TEM studies[98]. The AFM is
a type of scanning probe microscope based on non-optical surface investigation. It
uses a physical probe (a nanoscale tip) attached to a cantilever to measure the sur-
face morphology. When it comes in contact with surface, the cantilever bends and
the bending is detected by laser diode and photodetector. The bending of cantilever
gives the information of the tip-sample interaction force. There are two common
ways of AFM imaging that are widely used; contact mode and tapping mode. In
contact mode, the tip and sample touches each other constantly throughout the scan-

ning. In tapping mode, the contact between tip and sample are limited by moving
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the tip up and down. In this thesis, the AFM measurement were done in a tapping
mode because both constituent particles and HNS particles are loosely held to mica
substrate and can get easily damaged during topography imaging.

In TEM microscopy technique, a beam of electrons is transmitted through sam-
ple. As the beam is transmitted, these electrons interact with sample and forms an
image. In this thesis work, the presence of the capping agents (polymers) in MNP
(nanospheres and nanoplates), CdTe QDs and HNS samples makes the process of
capturing TEM images very difficult. Removal of these polymers by centrifuging
would destroy the HNS present in the colloidal solution. Further, we find that dur-
ing TEM studies, the measurement had to be performed at very low irradiation, and
the images had to be accrued quickly to reduce the damage. Even then sometimes
during the measurement, it was found that the particle disappear during image ac-

cusation.

2.3 UV-Vis Spectroscopy
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FIGURE 2.11: Schematic diagram of the UV-Vis spectroscope.

UV-Vis spectroscopy is an absorption/reflection based technique that involves

measuring intensity of absorption or reflection at different wavelengths[99]. In this
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thesis work, absorption spectra was measured with a double beam UV-Vis Spec-
trometer, the schematic of which is shown in Fig.2.11. The basic parts of spectrom-
eter consists of a light source in the wavelength range of 200-1200 nm, a sample
holder, a grating and a detector. In this technique, a single wavelength from source
is isolated using monochromator. This beam is split into two beams, one that passes
through the samples and another passes through the reference. The colloidal sam-
ples are poured in cuvette, typically 1 mm thickness, and placed in sample holder. A
reference sample, usually water, of same thickness is chosen as reference. The ratio
between the two intensities passing through reference (Ip) and samples (I) are re-
lated to absorbance(A) as A = log10(I/Ip) and gives the final spectrum. Further, the
absorbance (A) can be used to extract the quantitive information about the concen-
tration of absorbing particles in the solution using the Beer-Lambert law, A = ecb,
where, € is the molar extinction coefficient (M~ 1mm™1), ¢ is the concentration of ab-
sorbing particles (M) and b is the path length of sample cuvette (mm). The peak in
the absorption spectrum can also be used to identify the properties of the absorbing
particles in the sample. In particular, Ag NP shows a distinct LSPR absorption peak
due to collective oscillation of free electrons as shown in Fig.2.6(d) and CdTe QD is
determined by characteristic absorption peak arising due to electron transition to

exciton energy level, shown in Fig.2.4(d).

2.4 Photoluminescence Spectroscopy

Measurement of the time and spectral dependence of the magnitude of PL from
the SQD or MNP-SQD hybrid can provide many information about the dynamic
processes happening in these materials[99]. In a simplistic picture, at time ¢ = 0 i.e.

when the excitation is off, the rate at which the excited QDs/nanostructures decay
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to the ground state is given by the rate equation,

dN(t) _
= —kN(). (2.1)

This rate equation is solved to describe the decrease in the population of the excited

state at all time after t = 0 and is given by,
N(t) = N(0)e ™, (2.2)

where N(0) is the initial population in the excited state (at ¢ = 0), T is the lifetime of
the excited state, defined as the time for the population to decay by 1/e times that
of the initial population and k is the relaxation rate which is the sum of rates of all

the possible deexcitation path,
k= k¢ +kn- (2.3)

Here, kf is the rate of radiative decay and k, is the sum of rate of non-radiative

decays. Therefore,
1

kr+knr.

T= (2.4)

The PL lifetime, 7, thus depends also on the non-radiative decay mechanisms. One
of the important parameter in PL measurement is the fluorescence quantum yield

(¢). The ¢ is defined in terms of rate constant as,

(2.5)

It can be seen that as the non-radiative path for the deexcitation process increases,
the quantum yield decreases and hence the PL lifetime decreases. In general, the
growth and decay of the PL depends on several energy states and excitation mech-

anism. Therefore, the transient PL will have complicated rise and decay which can
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also be non-exponential.
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FIGURE 2.12: Schematic representation of the setup used for
the steady-state and time-resolved photoluminescence measurements
from the samples.

In this thesis, the steady-state PL and time-resolved PL measurements were car-
ried out by exciting the samples using the output of an optical parametric amplifier
(OPA) (schematic shown in Fig.2.12). The OPA was pumped by a 1 kHz Ti:Sapphire
amplifier system with a pulse duration of 35 fs at 800 nm wavelength. The OPA
output with a pulse width of nearly 80 fs were tuned to different wavelength for the
selective excitation of the samples. The PL emitted by the sample was then collected
using combination of lens and detected by a spectrograph for spectrum measure-
ment and a fast photodetector-oscilloscope system for dynamics measurement. The
photodetector-oscilloscope system consists of photodetector with a rise time of 300
ps and the oscilloscope with a bandwidth of 1 GHz and a sampling rate of 20 GS/s.
The decay time estimated for the later part of the instrument response function (IRF)

is 350 ps. The entire measurement was carried out at room temperature.
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FIGURE 2.13: Schematic representation of the pump-probe setup used

for the measurement of transient transmission from the samples. M,

BS and PD represents mirror, beam splitter and photodetector, respec-
tively

2.5 Ultrafast Spectroscopy

Ultrafast spectroscopy involves studying temporal changes in the optical properties
of a sample that occurs in materials induced by short optical pulse[100]. In this tech-
nique, materials are excited by intense ultrashort laser pulse (pump pulse) which
excites the samples to its excited state. This changes the optical constant(dielectric
constant) of the sample. Simultaneously, another ultrashort laser pulse with very
low intensity is made to fall on the material with variable time delay with respect to
the first exciting pulse. The lifetime of the excited state is short lived, therefore the
optical constant eventually returns back to their initial value same as before excita-
tion by pump pulse. The low intensity laser pulse probes the changes occurred by
pump beam. The final result is basically the change in the transmitted probe pulse

energy with respect to delay between pump and probe. In a mathematical picture,
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the transmitted probe intensity depends on the delay, 7, and is given by,

I = I;e~ (ol +Aao(T))L) (2.6)

for AagL << 1,
It ~ Ire"™L(1 4+ Aag(T)L), (2.7)
It(t) =~ It(t < 0)(1 4 Aap(T)L), (2.8)

where, IT and I are the transmitted and incident probe intensity, respectively and L
is the sample cuvette length. Now, the relative change in transmitted intensity with

respect to T also known as transient transmission, is given by,

AT(T) o IT(T) - IT(T < O)
To It(t < 0) (29)

~ —Auay(T)L (2.10)
To

Thus, using Eq.2.10 and measuring the change in probe intensity with time delay
between pump and probe, the dynamics of the system can be calculated.

In this thesis, to study the ultrafast transient properties of the samples, transient
transmission measurements were carried out in two-color pump probe geometry us-
ing a 1 kHz Ti-sapphire laser of pulse duration 35 fs operated at 800 nm wavelength
(schematic shown in Fig.2.13)[101]. In this setup, the output of the femtosecond
oscillator-amplifier system was split into two beams using a beam splitter. One of
these beams was converted to 400 nm using second harmonic generation in Beta-
barium Borate (BBO) crystal which was then used as the pump beam. The other

beam from the beam splitter was fed to an OPA. The output of the OPA, centred at
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different wavelength, was used as the probe beam. The intensity of the laser beam at
the sample position was varied using neutral density filter. The signal was detected
using the combination of boxcar and lock-in amplifier. We also carried out similar
measurement using high repetition rate laser (80 MHz). The entire measurement

was carried out at room temperature.

2.6 Optical Response Calculation

To understand the modification in the optical response of HNS with respect to their
constituent MNP and SQD, we use numerical technique, T-matrix and DDSCAT.
These techniques predicts the optical response of HNS governed by electromagnetic
interaction. For such calculation, dielectric constant € of Ag NP and CdTe QD are re-
quired as an input. For Ag NP sizes used in this thesis, bulk € is sufficient. Therefore
we use the bulk € of Ag NP as reported by Johnson and Christy[39]. However, for
CdTe QD, due to the quantum confinement, the € gets modified and hence needed

to be estimated from the experiment.

2.6.1 Dielectric constant of CdTe QD

Bulk dielectric Calculation of €, from
constant of CdTe > bulk &, using Kramer-
(€1+i€;)puik Kroning relation
/ .
/ .
%
Calculation of &, equating
Size-dependent the absorption cross-
Dielectric constant € section under dipole
of CdTe QD approximation and the
(e+ig,)yp experimental absorption
cross-section

FIGURE 2.14: Schematic representation of the iterative method to cal-
culate the size dependent dielectric constant of CdTe QD.
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We have used the technique reported by Marcelo Alves-Santos et.al for obtaining
€(E) from the optical absorption spectrum[102]. It uses trial and error procedure
in which absorption spectrum is calculated using initial value of € from the bulk
CdTe and then iteratively improving it until the theoretical absorption spectrum
matches with the experimental spectrum within a specified accuracy. The obtained
€ is then converted into refractive index for T-matrix calculation. Figure 2.14 shows

the schematic representation of this method to calculate the size dependent € of

CdTe QD.

2.6.2 T-matrix Calculation

T-matrix is a numerical method to calculate the scattering and absorption of electro-
magnetic field by any arbitrary shaped particle formed by any collection of spher-
ical particles. In T-matrix calculation, the incident and scattered electric fields are
expanded in series of vector wave function. These incident and scattered fields are
related by transition matrix or in short, T-matrix. The T-matrix elements are then
obtained by solving Maxwell’s equations using boundary condition. Initially, the
T-matrix was introduced by P.C. Waterman in 1965 and later developed by vari-
ous group[103, 104]. Numerical codes for the evaluation of the T-matrix are avail-
able online in public-domain package of FORTRAN computer programs https:

//www.giss.nasa.gov/staff/mmishchenko/t_matrix_database.html.

2.6.3 Discrete Dipole Approximation

Discrete Dipole Approximation (DDA) is a numerical method to calculate the scat-
tering and absorption of electromagnetic field by an arbitrary shaped particle with
arbitrary composition. As the name suggest, the DDA replaces the smooth dielec-
tric particle by discrete array of dipoles that interact with the incident field. These

dipoles acquire dipole moments in response to the local electric field. Initially the


https://www.giss.nasa.gov/staff/mmishchenko/t_matrix_database.html
https://www.giss.nasa.gov/staff/mmishchenko/t_matrix_database.html
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DDA was proposed by Purcell and Pennypacker[105]. Using Clausius-Mossotti re-
lation, the dielectric constant of a substance can directly be related to polarizability
of individual elements which it is composed of. All the measured scattering quanti-
ties can be obtained from these polarization. As the number of array increases, the
accuracy of the approximation increases but becomes computationally challenging.
Numerical codes for the evaluation of the DDSCAT are available online in public-

domain package of FORTRAN computer programs http://ddscat.wikidot.com/.

2.7 Summary

In this thesis, Ag NP and CdTe QD are prepared in water by bottom-up approach
using wet chemical method. For the structural characterization, AFM and TEM
have been used to determine the size and shape of the particles. UV-Vis spec-
troscopy and photoluminescence spectroscopy have been employed to understand
the optical properties of the hybrid samples as well as individual component . On
the other hand, the electron dynamics in the samples are obtained using ultrafast
pump-probe spectroscopy. All the studies are carried out at room temperature. In
theoretical methodology, T-matrix and DDSCAT have been employed to predict the
electromagnetic interaction between the particles. Such predictions will give the in-
formation about the various interactions taking place between MNP and SQD. In
this thesis, the comparative studies between the experimental observations and the

model will be carried out.


http://ddscat.wikidot.com/
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Chapter 3

Theory of optical response of Mixed

Samples

The optical response of metal-semiconductor hybrid can exhibit unique properties,
that depends on the numerous parameters like size, shape, and the properties of
linking molecule[66, 69-71]. It is possible to prepare HNS with different proper-
ties in a controlled manner by self-organization of individually prepared MNP and
SQD colloid. Several groups have prepared different HNS by changing the mixing
ratio to control the synergistic interaction between MNP and SQD and observed a
gradual change in the optical response for each mixing ratio[20, 71, 75]. They have
attributed it to a change in the interaction between the MNP and SQD, implying
that at different mixing ratios, different HNS may be formed. It is not clear whether
this mixing can be controlled to get a single type of hybrid rather than a distribution
of various structures. Also, after mixing, the mixed colloid may contain the hybrids
formed as well as unattached MNPs and SQDs. In such a case, a methodology is
required to unambiguously determine the optical response of the hybrid from mea-
surements done on the mixed sample. In this chapter** , using experimental results
and an empirical model, we show that if the mixing of the MNP and SQD is carried

out by gradually increasing the mixing ratio and measuring their optical response,

**This work is published by the author of this thesis and reproduced from "The optical response
of self-organized Ag-CdTe metal-semiconductor hybrid nanostructures: Change in interaction vs
number density variation", Sabina Gurung, Asha Singh, Rama Chari, ] Jayabalan, Journal of Applied
Physics, 2018, 124(20), 204305, with the permission of AIP Publishing.
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it is possible to get a mixture of one type of HNS. We demonstrate a method to

determine the true optical response of HNS from measurements on mixed colloids.

3.1 Optical Response and Structural Characterization

of Mixed Sample

14} —=— Ag NP
—e— CdTe QD
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FIGURE 3.1: Experimental extinction spectra of pure Ag nanosphere

colloid, pure CdTe QDs colloid and a Ag-CdTe hybrid (Mg s6). An esti-

mated extinction spectrum of non-interacting mixture of Ag NP colloid
and CdTe QD colloid of the same ratio of that of M 54 is also shown.

Figure 3.1 shows the extinction spectra of the as prepared Ag NP colloid, CdTe
QD colloid and the spectrum of a mixed sample My 54 (the subscript indicates the y
value as defined above.). The extinction spectrum of the Ag NP colloid shows a sin-
gle LSPR peak at 412 nm which are typical for small Ag NPs in water [20, 106]. The
optical absorption spectrum of the as prepared colloidal CdTe QD sample shows

that the onset of absorption occurs at ~570 nm corresponding to an energy of ~
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FIGURE 3.2: The pseudo color images of AFM height profiles for (a) Ag

NPs, (b) CdTe QDs and (c) Ag-CdTe HNS. The height profile along the

straight lines marked in the AFM images are shown in (d). (e) and (f)

are the histogram of height (diameter of the particle) obtained from the

AFM images for the Ag NPs and CdTe QDs respectively.

2.17 eV. This onset is much blue shifted when compared to bulk CdTe (~1.5 eV) in-
dicating the quantum confinement effect. The spectrum also shows a clear excitonic
peak at ~ 511 nm, which is due to the 1s(e)-1s(h) transition. The average size of the
QDs in the colloid estimated from this excitonic peak is 2.6 nm [107]. The extinction
spectrum of the hybrid sample, M6, is expectedly quite different from either of
the two colloids. If the MNPs and SQDs were not interacting in the colloid, then
the transmission spectrum of the mixed sample would have been a product of the
measured individual transmissions scaled to the respective mixing volumes. Fig-

ure 3.1 also shows this calculated absorption spectrum and it does not match with

the measured one indicating that there is an interaction between Ag NPs and CdTe
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QDs in the mixed colloidal solution. We propose that the Ag NPs and CdTe QDs
form hybrid nanoparticles. Earlier, different groups have studied various proper-
ties of such Ag-CdTe hybrid samples prepared in different mixing ratios and had
shown that interaction does happen in nanometer length scales[11, 20, 75]. This was
further confirmed by characterizing the samples using an atomic force microscope
(AFM) (Fig. 3.2). AFM has been reported to be a more suitable method of imag-
ing the hybrids of particles linked by polymers[108, 109]. For comparison, we have
also performed AFM measurements on the individual colloids. A few drops of each
solution were dried on mica substrates and used for the AFM studies. The AFM im-
ages of the pure SQDs and MNPs samples show isolated particles. In the colloidal
form, the Ag NPs and CdTe QDs are stabilized by citrate and TGA capping, respec-
tively. Hence, after drying it is expected that these particles will have the coating of
the capping agents. In case of CdTe QDs such coating can lead to an increase in size
in the range of 0.4 nm to 0.8 nm if measured by AFM[69].

The average diameter estimated for Ag NPs coated with citrate and CdTe QDs
coated with TGA from the AFM profile height are 13.7 and 3.1 nm, respectively. The
difference of 0.5 nm between the AFM estimate for the size of coated CdTe QDs with
that estimated from Peng’s formula is within that expected for TGA coating[69]. For
the mixed sample, the image shows large particles surrounded by smaller particles
and the size corresponds to that expected if each Ag NP was surrounded by the
smaller CdTe QDs. In the present hybrid sample, the Ag NPs and CdTe QDs could
be identified by AFM due to their difference in size range [see Figs.3.2(c) and (d)].
Further, AFM scans of pure Ag NP show a sharp edge while the Ag NPs in the
hybrid sample show a broader wing (see also the height profile plots of Fig.3.2). We
attribute the wing to the CdTe QDs surrounding the Ag NPs. It is to be noted that
the AFM image of the hybrid structures can only be indicative of what is present in

a colloidal solution as the process of drying out can distort the true morphology
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FIGURE 3.3: Optical response measured for the mixed hybrid samples

of different mixing ratios along with that of pure CdTe colloid: (a) PL

spectra and (b) extinction spectra. Inset shows the expanded view of

the extinction spectra near the band edge.Excitation wavelength is 405

nm

Figure 3.3(a) shows the measured PL spectra of pure CdTe QD colloid and sev-
eral mixed colloids prepared with different mixing ratios. The PL spectrum of the
pure CdTe QD sample shows a peak at wavelength ~ 560 nm and has a full width at
half maximum (FWHM) of ~ 38 nm. As the Ag NP colloid is gradually added, the
PL spectrum of the mixed sample also shows gradual changes. With increasing frac-
tion of MNPs in the mixture, the PL starts reducing. For example the PL emission
strength of the sample M 56 is reduced by 54% of the pure CdTe QD colloid. Part
of the reduction in intensity could be due to the addition of a solvent (water in the
present case) that gets added along with MNPs. However this dilution accounts for

only about 36% reduction in PL. With increase in Ag NP colloid fraction there is also

a red-shift in PL peak. The PL peak wavelength of the sample M 54 is red-shifted
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by about 10 nm to 570 nm when compared to that of pure CdTe QD colloid. As
the fraction of Ag NP colloid increases the PL spectra of the mixed sample becomes
increasingly asymmetric with an increase in emission on the red-side of the spectra
[Fig.3.3(a)]. The increase in red-side of the spectra can also be observed in the ex-
tinction spectra of the mixed colloid (Fig.3.3(b)). The nearly sharp feature of exciton
peak washes out with increase in the amount of Ag NP colloid. We also find that if
the fraction of Ag NP colloid is increased beyond 0.56, there is a sudden quenching
of PL and large aggregated particles are observed in the sample.

In case of self-organized growth of HNS where MNPs and SQDs are prepared
separately and mixed, the capping agents used in both of these particles play a cru-
cial role in deciding the interaction between them. In the present case, the capping
agent used for stabilizing the CdTe QDs, TGA, has a strong affinity to get attached to
metal surface. It forms complexes with metal ions[69, 71]. When Ag NPs are mixed
with the much smaller CdTe QDs, due to the chemical interaction between TGA and
Ag NPs, it is expected that several of CdTe QDs will get attached to the silver sur-
face [70, 75]. For the case when the number of Ag NPs are very small compared to
CdTe QDs, we expect that the CdTe QDs would completely surround the MNP and
prevent further attachments. Thus, Ag NPs, which are now covered with CdTe QDs,
will become noninteracting among themselves as well as with other SQDs. In such
case, the optical response of the resulting sample should be interpreted as a mixture
rather than formation of hybrids with different interaction strength between MNPs
and SQDs. In the following, we develop the theory of optical response of mixed

samples.
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FIGURE 3.4: Schematic of formation of mixed hybrid sample. State of

the colloid for three different mixing ratios are shown.

3.2 Theory of Optical Response of a Mixed Hybrid sys-

tem

Consider the process of formation of HNS by mixing a MNP colloid with a SQD col-

loid. It is assumed that the individual colloids are of sufficient dilution to be stable

and have little or no aggregation. Although the present model can be used for any

size and shape of the MNP and SQD, for simplicity and to match with the present

experiment, we consider a specific situation when the SQDs are much smaller than

the MNPs. Let a small quantity of MNP colloid is added to a colloid containing a

larger number of SQDs. Figure 3.4 shows the schematic of the process of formation

of HNS. The hybrid will form by self-organization which depends on the properties
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of individual particles and the corresponding capping agents. Due to their relatively
small size, several SQDs will get attached to the surface of a single MNP. Since indi-
vidual SQDs are capped, once the MNP is covered fully, further attachment of SQD
will be prevented. The resultant mixed sample will then have the excess unattached
SQDs and the hybrid MNP-SQD nanostructures (Stage 1 of Fig.3.4). If more num-
ber of MNPs are added, the similar process will follow and the number of HNS in
the mixed colloid would increase (Stage 2) until almost all the SQDs are utilized in
the formation of hybrids (Stage 3). We propose that up to this stage only one type
of HNS is formed. By stopping this process at different stages, it is possible to get
mixed colloids with varying ratio of HNS and SQDs.

The optical response of such a mixed sample can be evaluated as follows. Let
Rp and Rp be the optical response of the individual colloidal solution of SQDs and
MNPs, respectively. Let Qp and Qp be the optical response of a single SQD and a
single MNP, respectively. In a dilute sample, where the interaction between indi-
vidual entities can be neglected, the optical response of the colloid can be expressed

as

RD = NDQD/ and (31)

Rp = NpQp, (3.2)

where Np and Np are the number densities of SQDs and MNPs in their respective
colloids. Consider a sample prepared by mixing the SQD colloid with MNP colloid
in a ratio y. Here, v is the ratio between the volume of the MNP colloid (Vp) to
that of the SQD colloid (Vp). Let n be the average number of SQDs that join with
an MNP to form a single HNS. Each MNP will result in the formation of one HNS.

As stated above, once formed, the HNS will not interact further with the remaining
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SQD’s. The response of the mixed colloid can be expressed as,

(Np —nyNp) Qp + yNuQny
(T+7) '

Ruty =

(3.3)

Here Qp is the response of a single HNS and Ng is the number density of HNS.
Note that in the present case the total number of HNS in the mixed solution will be
the same as the number of MNPs added in the mixture. In a dilute dispersion, the
optical response of a colloid depends on the optical response of the individual entity
and its number density. The interaction between the MNP and the SQDs will define
the response of a HNS, Qp. In case of other hybrid systems where the physical
interactions and the number of particles attached to form a hybrid (n) are different,
Qpn will also be different correspondingly. The value of n is decided by the nature
of bonding between the MNP and SQDs and hence depends on the capping agents,
the shape, size, and material of the MNPs and SQDs. In the present case, since we
are considering the regime where the number of CdTe QDs are always in excess,
thus n will remain constant.

In the following we show that the optical response of the mixed colloid with a
given ratio (Rys,/), where 9/ is any given mixing ratio, can be expressed in terms
of spectra of the pure QDs colloid and a mixed sample with another 7 value. For

known Rp and Rpr,, Rpz can be written as,
RM’Y’ =rRp + SRMfy (3.4)

where r and s are arbitrary constants. Using Eq.3.3, we can write,

(Np —ny'Np) Qb | v'NpQnu _ PN 4+
(1+4) (T+7) ’

(3.5)
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Since Qp and Qp are independent parameters, their coefficients on left and right

side should be equal.
1-py _ 1-pv
1Ty r+sl+ry (3.6)
7 s
= : (3.7)
(1+9") (1+7)

We have defined a “hybrid structure parameter”, B as the ratio between nNp and
Np. Using these above two equations the constants r and s can be expressed in

terms of the mixing fractions as,

_ Y O+

T+ v 9
_ 1 7

Tty [1 ’r] ' G9)

Interestingly, the constants » and s are related to each other by,

r+s=1 (3.10)

For a particular mixing ratio (I') where all the SQDs are used up for the formation of
HNSs, contribution of SQDs to the optical response of HNS colloid should vanish.

Hence the coefficient of Qp on the right hand side of Eq.3.3 should be zero,

ND — ner =0. (3.11)

Thus, the mixing ratio of a pure hybrid sample will be I' = 1/p. For sample con-
taining only HNSs, the microscopic “hybrid structure parameter” can be directly
related to the macroscopic mixing ratio. Addition of excess MNPs beyond this ratio
would result in the formation of HNSs with partially covered MNPs. At this stage,

n, the number of SQDs getting attached to the MNP will change with the mixing
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ratio and the optical response of the mixed sample will not follow the relation3.4
and can be checked by whether r + s=1. In some cases, the unsaturated structures
(not fully covered with SQDs) can join together forming larger aggregates desta-
bilizing the entire colloid. Formation of such large aggregates has been observed
experimentally by other authors also[70, 75]. By estimating the number density of
particles (Np and Np ) in the original colloids and by identifying I’, it is possible to
estimate the number of SQDs per MNP utilized to form a HNS. It may be noted that,
in general, the above model applies for a mixture that is formed by any two kinds of
entities and not restricted to MNP or SQD and can also be used for responses other
than optical. If the trend proposed here is not followed by the optical response of a
mixed sample, it implies that the hybrid forming at each mixing ratio has a different
superstructure and hence has a different optical response.

In general, it is possible that the response of one of the entities in the mixture is
zero. Such a situation can arise if the physical interaction between MNP and SQD is
such that the hybrid does not emit any PL. For such cases, the response of the mixed

colloid can be written as

1—
Rty = ND%QD. (3.12)
Using Eq.3.2, we can write,
Rmy _ (1—7B)
= , 3.13
Rp (1+7) G139

By estimating this ratio from the measured optical response for a given 7, it is pos-
sible to estimate “hybrid structure parameter” . In following section, we analyze

our experimental results based on the model proposed here.
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3.3 Experimental Results vs Theory of a Mixed Hybrid

System
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FIGURE 3.5: The PL spectra of mixed hybrid samples Mg 0 and My 44
along with best fit using Eq.3.4 using experimental PL spectrum of pure
CdTe colloid and Mg 5¢

If the model of formation of the mixed hybrid proposed in the previous section
applies to the Ag-CdTe hybrid nanocolloid system, then the PL of the hybrids pre-
pared with different mixing ratios should be related to each other by Eq.3.4. Using
the measured PL spectrum of pure CdTe QD colloid and the PL spectrum of the
hybrid My 56, we try to fit the PL spectrum of the intermediate mixtures. Figure.3.5
shows the best fit obtained for the PL spectra of samples My 29 and My 44. The values
of coefficients r and s estimated from the mixing ratios and that obtained from the
best fit are given in Table-3.1. Since there is no PL spectrum for Ag NPs, therefore
Rp is 0 while considering the optical response as PL spectrum. The fact that the PL
spectrum of a mixed hybrid sample of a particular mixing ratio could be estimated
using that of two other solutions having different mixing ratios and the sum of r

and s is nearly one (Table-3.1) in every case, suggests that the proposed model for
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FIGURE 3.6: The extinction spectra of mixed hybrid samples My 44 and
My 56 along with best fit using Eq.3.4 using experimental extinction
spectra of pure CdTe colloid and My

the formation of mixed hybrids works well in the present case. We also performed
the similar fitting for the extinction spectra of the mixed colloids. For the same 7y
and v/, the best fit obtained from fitting the extinction spectra is similar to that of
PL fitting (Table-3.1). This confirms that the model correctly predicts the ratio of
mixing irrespective of the optical process under study. To further confirm the pro-
posed model, we have performed similar fit for the extinction spectra with other
mixing ratios. In this case we have used My 9 and pure CdTe QD colloid to estimate
the extinction spectrum of other two mixed hybrid samples. Figure 3.6 shows the
best fit curve and the coefficients r and s are also given in Table-3.1. These results
once again confirm the model proposed for the formation of mixed hybrids. Thus
although the optical response of the hybrids having different mixing ratios looks
to be changing gradually, it only reflects the fact that the number density of a ba-
sic hybrid unit is increasing with the increasing number of Ag NPs. We find that

such a model works well for different Ag-CdTe hybrid systems with stable CdTe
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QD colloids having a well distinguishable exciton peak. Any optical responses that
satisfies Eq.3.8, Eq.3.9 and Eq.3.10 for every 7y, the model is valid and hence the ob-
served change in experiment can be interpreted as number density variation rather

than change in interaction between the individual component forming a hybrid.

TABLE 3.1: The coefficients r and s estimated using the mixing ratios as
well as that estimated by fitting the experimental optical responses of
the mixed hybrid samples.

. p Estimated Best Fit
Optical Response 0% 0% - . p . m——
PL 0.20 0.56 0.54 0.46 0.49 0.46 0.95
0.44 0.56 0.15 0.85 0.15 0.87 1.02
0.20 0.56 0.54 0.46 0.50 0.49 0.99
.. 0.44 0.56 0.15 0.85 0.17 0.87 1.04
Extinction

0.44 0.20 -0.17 1.17 -0.17 1.17 1.00
0.56 0.20 -1.15 2.15 -1.25 2.28 1.03

Based on the observation that beyond = 0.56, the nanoparticles show aggre-
gation, we expect that the sample My 5¢ is the case where nearly all CdTe QDs are
consumed for the formation of hybrids. If the number of Ag NPs are further in-
creased then there are not sufficient CdTe QDs to form the same stable HNS. Thus,
we propose that the optical response of the sample My ¢ corresponds to that of a
Ag-CdTe hybrid. From Eq. 3.11), we estimate that n ~ 45, i.e., the hybrid is formed
by ~ 45 CdTe QDs attached to one Ag NP. This number is 30% less than that ex-
pected if the TGA coated CdTe QDs had covered the citrated coated Ag NP in a
single closely packed layer. Thus, by measuring the optical response and by using
the model presented here certain features in the hybrid structure can be estimated.

The model proposed above is quiet general and can apply to a mixture of any
two entities provided only one kind of hybrid superstructure is formed. This can
be ensured in practice by starting with a single entity and gradually increasing the
ratio of the other component. The model will also apply to responses other than
the linear optical response. For example, the transient optical response of the mix-

ture would also follow the same pattern. It is to be noted that the formation of a
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new nanostructure is indicated by the extinction spectrum and the proposed model
would work irrespective of which new nanostructure was being formed as a result
of mixing. For example, even if the MNPs and SQDs combine such that individual
particles disappear and a new material is formed, the model presented here will still

work since in the model optical response measured by experiment is directly used.

3.4 Summary

To summarize, in this chapter we have shown that if self-assembly of metal- semi-
conductor HNS takes place when MNP and SQD colloids are mixed, the measured
optical response of the sample can be shown to have two components, one arising
from the HNS and one from any leftover unattached SQD or MNP species. We have
also shown that it is possible to extract the correct optical response of the HNS by
performing measurements on a series of samples with varying mixing ratios. By
using the method described in this paper, it is possible to determine the optimum
mixing ratio at which almost all the particles in the sample would be only HNS.
Any study undertaken to understand the properties of the HNS (e.g. interaction
between the MNP and SQD, linear, nonlinear and transient optical response of the
hybrid etc) should be carried out only on the sample with the optimum mixing ratio

that falls under the regime proposed here.
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Chapter 4

Static and Ultrafast Optical Response
of Two Metal Nanoparticles Glued

with a Semiconductor Quantum Dot

A second generation LFE can be created between two closely placed MNPs, known
as hot-spot, and by irradiating them with an appropriate wavelength and polariza-
tion of incident light. The strength of the field at the gap between the particles is
expected to get enhanced by several orders of magnitude higher than that of the
applied field. Placing a SQD or an analyte molecule at the hot-spot is an essen-
tial step towards harnessing the enhanced field for various applications. Using the
method described in previous chapter, it is now possible to determine the mixing
ratio at which the mixture contains only the hybrid of unique structures. In this
chapter™*, we show that by mixing Ag NP colloid with TGA capped CdTe QD col-
loid in a particular mixing ratio, it is possible to prepare HNS with CdTe QD stuck
in between the two Ag NPs. By comparing the measured extinction spectra during
self-organized growth of the HNS with that of the calculated, we explain the process

of hybrid formation. Ultrafast pump-probe measurements can provide quantitative

**This work is published by the author of this thesis as "Static and Ultrafast Optical Response
of Two Metal Nanoparticles Glued with a Semiconductor Quantum Dot,”, Sabina Gurung, Asha
Singh, Durga Prasad Khatua, Himanshu Srivastava, ] Jayabalan, Photonics and Nanostructures-
Fundamentals and Applications, 2020, 43,100869.
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information regarding complex processes that occurs between the metal and semi-
conductor nanocomposites. Using ultrafast transient transmission measurements,
it has been shown that the carrier dynamics in the hybrid colloid is effected only
when probed by a light that generates a high field in between Ag NPs. The method
demonstrated here to place the semiconductor QD in between the two Ag NPs is
an important step in the area of colloidal self-assembly and for application of gap
plasmon in plasmonic sensing, optoelectronics, energy-harvesting, nanolithography

and optical nano-antennas.

4.1 Measured Time Evolution of Extinction Spectrum

of the Mixed Colloid

The individual constituents of the HNS, citrate capped Ag NPs and TGA capped
CdTe QDs dispersed in water, were prepared separately by wet-chemical meth-
ods[3, 96, 110]. The procedure followed for the preparation of this individual col-
loids and hybrid have been discussed in Chapter 2. Figure. 4.1(a) shows the extinc-
tion spectrum of the individual Ag NP colloid and CdTe QD colloid. The extinction
spectrum of the Ag NP colloid shows a single peak at 413 nm, which corresponds
to the LSPR of small silver nanospheres dispersed in water[20, 106]. The extinction
spectrum of the CdTe QD colloid shows an exciton peak at 635 nm due to 1s(e)-1s(h)
transition[107, 111]. For structural characterization, few drops of these samples were
dried on a mica substrate, and the topography of the surface was measured using
an AFM. Some representative AFM images of the individual colloids are shown in

Fig.4.2. The AFM images that corresponds to individual Ag NP colloid and CdTe
QD
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FIGURE 4.2: AFM images of (1) Ag NPs and (b) CdTe QDs. The height
profile along the straight lines marked in the AFM images are plotted
in (c) and (d) respectively..

colloid show the presence of mostly well-separated particles. The average di-
ameter of the Ag NPs and CdTe QDs measured using the height profile from these
AFM images is 17 nm and 3.5 nm, respectively.

At the mixing ratio of y = 50, there are about two Ag NPs for each CdTe QDs in
the mixed colloid (see Appendix-I for detail). The concentration of SQDs and MNPs
in the individual colloids can be estimated by using procedures reported by Yu et
al. and Sriram et al. respectively[107, 112]. The estimated number densities of CdTe
QDs and Ag NPs in the corresponding individual colloids used in the preparation
of hybrid are 4.8 x10" mL~! and 1.2 x10' mL~! respectively. These densities
are also in agreement with the 2:1 number ratio of Ag NPs and CdTe QDs. The

hybrid sample, Hsy, was prepared by mixing CdTe QD colloid with Ag NP colloid
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FIGURE 4.3: The extinction spectra of bare Ag NP colloid and mixed

colloid containing Ag NPs and CdTe QDs 1 min after mixing (a) and (b)

shows representative of two different attempts of preparing the hybrid

with different sets of Ag NP and CdTe QD colloids. Inset shows the

enlarged graph near the peak. A small shift in the LSPR peak can be

seen due to the increase in the width more towards the red-side of the
spectrum.

at a mixing ratio of v = 50. Immediately after the addition, the LSPR peak red-
shifts slightly and at the same time the extinction peak height reduces to about 74%
of that before addition (Fig.4.1(b)). Although the red-shift is very small, repeated
preparation shows that the red-shift does occur at about 1 min after mixing (Fig.4.3).
Over the period of the next few minutes, another peak appears on the red-side. For
example, the spectrum of the sample taken after 2 min could be fit well with two
Gaussian peaks (Fig.4.4(a)). From 2 min to 10 min, the original LSPR peak blue-
shifts and continues to reduce in strength. Whereas the longer wavelength peak
red-shifts and grows (Fig.4.1(b)). After about 10 minutes, the mixed colloid shows

no further change in the spectrum. The final stable hybrid sample thus formed (Hso)
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has peaks at 410 nm and 535 nm with strength 65% and 32% of that of bare Ag NP
colloid, respectively. Note that the sample would be continuously evolving during
the measurement of the spectra. Nevertheless, the measured spectra can be used for

gaining insight into the hybrid formation process.
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FIGURE 4.4: Extinction spectrum of the mixed sample (black lines) after

(a) 2 min and (b) 10 min. Best fit to these experimental spectra using two

Gaussian peaks (red lines). The contribution from individual peaks are
also shown (blue lines).

A self-organized growth of Ag-CdTe HNS is expected in the mixed sample be-
cause of the tendency of TGA to get attached to the surface of Ag NP[69, 71, 89]. As
the TGA is already attached to the CdTe QD, these QDs are also brought in close
proximity to the Ag NP[69, 71, 89]. When Ag NP and CdTe QD colloids are mixed
in a ratio of 7y = 0.56, HNSs of Ag NP surrounded by nearly 45 CdTe QDs (Hy 5 or
Ag-nCdTe) are formed[89]. Once the CdTe QDs surround the Ag NP completely, it
prevents further attachment of CdTe QD to the Ag NP, thus making the final hybrid

structure stable. The extinction spectrum of the Hys5¢ sample thus formed is also

shown in Fig.4.1(a) for comparison. Clearly the extinction spectrum of this Hysg
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sample is very different from that of the Hsy sample. The Hys¢ has an increasing
absorption strength towards UV similar to that of bare CdTe QD colloid. On the
other hand the Hsy sample shows a dip in absorption around 320 nm, which resem-
bles more of an Ag NP colloid. The AFM images of the Hsy sample dried on mica
shows several twin particles of each having nearly 17 nm height (Fig.4.1(c)). Based
on the height, each of these particles should be the Ag NPs present in the mixed
colloid. Further, based on the number density ratio and the tendency of TGA to
get attached to the Ag surface, we propose that in the final hybrid colloid, there are
nanostructures with two Ag NPs attached to a single CdTe QD.

We find that if a mixed hybrid sample was prepared with a mixing ratio 7y higher
than 50, stable colloids do get formed. The final extinction spectrum of these hybrid
colloids (7 > 50) has an extinction spectrum that looks similar to that observed in
the intermediate stages (Fig.4.1(b)). For these 7y values, there will not be enough
CdTe QDs to join all the Ag NPs leaving several unattached Ag NPs along with few
Hsp hybrids[89]. On the other hand, if the mixing ratio is lower than 50, aggregated
nanostructures were found to settle down at the bottom of the sample. This can be
explained by the presence of excess CdTe QDs, which can link several Hsy forming
large chain-like structures that eventually become heavy enough to settle down[113,

114].

4.2 Time Evolution of Extinction Spectrum of Mixed

Colloid

To understand the time evolution of the measured extinction spectra after mixing
and to further understand the structure of the final hybrid formed, optical response
of various Ag-CdTe HNSs were numerically calculated using T-matrix technique
(Fig.4.5). T-matrix is a numerical method for computing the optical response of a

collection of spherical particles, the detail has been discussed in Chapter 2 [103,
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FIGURE 4.5: Calculated extinction cross-section of two non-interacting
Ag NPs, attached Ag-CdTe particles, chain of Ag-CdTe-Ag particles
and touching Ag-Ag particles with CdTe QD on one side.
104]. For Ag NPs of the size of the order of 17 nm, quantum confinement effects
can be neglected, and hence experimental bulk dielectric constants were used for
the optical response calculations[115]. On the other hand, the dielectric constant
of a CdTe QD of size 3.5 nm will be substantially different from that of its bulk
because of the quantum confinement effect[102]. The dielectric constant of CdTe
QD was estimated using the method reported by Marcelo Alves-Santos et al. and
has already discussed in Chapter 2[102]. In the colloidal solution, it is expected that
particles will be oriented in all possible directions. To mimic that situation with
minimal computational cost, the extinction spectrum is estimated by averaging the
responses calculated for a given field direction and particles aligned along the three
Cartesian directions (see inset of Fig.4.5)[32, 104].
The calculated extinction cross-section of the Ag NP shows a single peak at 393
nm (Fig.4.5). To compare with the other structures, where there are two Ag NPs

are involved, C,y of the two isolated Ag NPs (same as the cross-section of single
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Ag NP multiplied by two) is plotted in Fig.4.5. Once the Ag NP and the CdTe QD
colloids were mixed, the most possible situation would be that a single CdTe QD
will get attached to a single Ag NP. The second Ag NP would not have joined yet.
To mimic such a situation, we have calculated Cy; of a single CdTe QD attached
with an Ag NP and another Ag NP placed sufficiently away from it. The C,y thus
obtained shows a red-shift of about 1 nm when compared to that of isolated Ag
NP. Further, the peak height also reduces to about 90% of that of two isolated Ag
NPs. Attaching a higher refractive index material to a metal NP is known to red-
shift its LSPR peak[33, 116]. The changes in Cey, the red-shift and the reduction in
peak strength, when CdTe is attached to one of the Ag NP matches well with the
observed change in the extinction spectrum measured at nearly a minute after mix-
ing Ag NP and CdTe QD colloids (Fig.4.1(b)). When another Ag NP is attached to
the other end of CdTe QD which is already attached to an Ag NP, it will result in
the formation of a linear Ag-CdTe-Ag structure. The C,y; of this structure shows a
new peak at 424 nm and the original LSPR peak, which was at 393 nm blue-shifts
by 5 nm to 388 nm. These LSPR peaks, 424 nm and 388 nm, appear when the field is
aligned along the line joining the centers of the two Ag spheres (longitudinal axis)
and perpendicular to it (transverse axis) respectively (Fig.4.5). Fitting the measured
extinction spectrum at 2 min after mixing shows a double peak structure, which
matches well with that of C,y; of Ag-CdTe-Ag (Fig.4.4). The final spectrum (> 10
mins) of the hybrid has a second peak at 535 nm which is much more red-shifted
than that calculated for the Ag-CdTe-Ag structure. Although capping prevents Ag
NPs to join together, once brought in close proximity to each other, the metal NP
do tend to join and restructure themselves[117-119]. Thus, once joined by the CdTe
QD it is possible that over time the linear Ag-CdTe-Ag hybrid changes its structure
to that with two Ag NPs touching each other with CdTe QD pushed to one side
(Ag\CdTe/Ag) as shown in Fig.4.5. The calculated C.y; of Ag\CdTe/Ag hybrid

match closer to the experimentally observed final extinction spectrum which has
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peaks at 408 nm and 535 nm (Fig.4.1(a)). When two metal NPs are brought close to
each other in nanometer length scale, the two independent plasmon of each metal
NP start to interact with each other. This leads to hybridization between the two
free plasmon modes of metal NPs. The strength of this hybridization determines
shifts of the plasmon energies which depends on the particle separation. When the
particles separation is large, the plasmon resonance of two Ag NPs is same as that
of single particle. As the separation is reduced, the interaction between the parti-
cles starts leading to shifting of energy levels to bonding and antibonding plasmon.
The higher energy mode i.e peak at 408 nm corresponds to the LSPR originating
when the field is aligned along the transverse axis (T-LSPR) while the lower en-
ergy mode at 535 nm peak corresponds to the LSPR when field is aligned along the

longitudinal axis (L-LSPR). Another effective tool to understand the origin of vari-
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FIGURE 4.6: Calculated extinction cross-section of Ag-CdTe-Ag (left)

and Ag\CdTe/Ag (right) with and without the CdTe QD. The gap be-

tween the two Ag NPs without CdTe QD (left) is taken to be same as
that of the original structure..

ous plasmon peaks arising in a collection of interacting small metal NPs like dimer,
trimer, etc., is plasmon hybridization model[120]. However, this model cannot in
general be used for estimating the optical response of metal NPs in presence of CdTe

QDs [121]. The result of T-Matrix calculations (which is applicable for a collection
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of spheres of any materials[104]), shows that the extinction spectrum of Ag-CdTe-
Ag and Ag\CdTe/Ag is slightly different from that of the corresponding structures
without CdTe QD (Fig.4.6). Although plasmon hybridization model could be used
to understand the final response of interaction between metal NPs, more realistic
modes and resonance of the dimer like structures in the presence of CdTe QDs re-

quires calculation like T-matrix or finite-difference time-domain. Comparing the
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FIGURE 4.7: Measured and estimated extinction spectrum for two dif-
ferent Ag NP sizes. Measured extinction spectrum of (a2) Ag NP colloid
with small and large Ag NP and (b) Ag\CdTe/Ag hybrid colloid with
small and large Ag NP. Calculated extinction spectrum of (c) Ag NP
and (d) Ag\CdTe/Ag with Ag NP radius, r = 8.5 nm and r = 25 nm.

measured temporal evolution of the extinction spectra (Fig.4.1(b)) and the calcu-
lated optical responses of the Ag NP and HNS (Fig.4.5), the growth of the final HNS
can now be explained. Just after mixing, CdTe QD gets attached to Ag NP forming

a large number of HNS each with one Ag NP and one CdTe QD. Such an Ag-CdTe
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FIGURE 4.8: Calculated extinction cross-section of (2) a chain like struc-

ture formed with Ag NPs and CdTe QDs (as shown in the inset) and (b)

a triangle like structure formed with three Ag NPs and a CdTe QDs (as

shown in the inset). The inset in these figures also shows their corre-

sponding schematic structures.

hybrid structure coexists in the colloidal solution along with an almost equal num-
ber of unattached Ag NPs. This is indicated by the observed small red-shift and
reduction in strength of the LSPR peak when measured 1 min after mixing (Fig.4.3).
As time progresses, another Ag NP also gets attached to the Ag-CdTe nanostructure
to form an Ag-CdTe-Ag linear HNS. The observed second peak on the red-side of
the extinction spectra measured in the first few minutes indicates the formation of
such structures. Followed by this, the linear Ag-CdTe-Ag structure realign them-
selves to form a Ag\CdTe/Ag structure. This explains the observed red-shifting of
the long-wavelength peak, which finally settles down at 535 nm. To further con-
tirm these observations, we have also prepared Ag\CdTe/Ag hybrids with larger
Ag NPs with a diameter of nearly 50 nm (Fig.4.7). Once again, the experimental
results match well with that of the calculated spectra using T-matrix. Thus the fi-
nal stable colloid, Hsp should have hybrid NPs of Ag\CdTe/Ag structure. The size
of the CdTe QD is much smaller and is now in between two large Ag NPs, thus
further attachment of Ag NP to the same CdTe QD is prevented. Because of the lim-

itation in resolution, the AFM image could not resolve the presence of small CdTe

QD sitting between the larger Ag NPs. Hence the AFM images of the Ag\CdTe/Ag
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hybrid could only show a Ag NP dimer-like structure (Fig.4.1(c)). In some of the
AFM images of Hsp, we also find few hybrid structures with Ag NPs attached to
each other in a triangular formation and few Ag NPs in chain-like structure (inset of
Fig.4.8). The T-matrix calculation shows that these triangular and chain-like struc-
tures have a very different extinction spectra than those observed in the experiment
(Fig.4.8). TEM could also be used for studying the structure of final self-aggregated
Ag\CdTe/Ag nanostructures. Figure. 4.9 shows some of the TEM images of the col-
loid containing Ag\CdTe/Ag HNS. The TEM images of Ag\CdTe/Ag HNS clearly
shows the presence of a smaller particle (size in the range of CdTe QDs) in between
two larger-sized particles (size of the order of Ag NPs) which matches well with that
of expected from optical characterization (Fig.4.9).

The efficiency of Ag\CdTe/Ag nanostructure formation in this synthesis pro-
cess could be obtained by the number density of nanostructures observed in AFM
images as well as by comparing the calculated extinction spectra of the individual
nanostructures with that of experimentally measured hybrid colloid. Note that the
AFM measurements were performed on a mica substrate over which few drops of
the hybrid colloid is dried. The structure of the nanoaggregates found on the mica
substrate could depend on the number density of particles in colloid, the properties
of the colloid and substrate and also on the drying process itself. Thus, AFM image
only gives a representation of the nanostructures floating in the colloidal solution.
On the AFM images, we find that the ratios of monomers:dimers:trimers:chain to
be 4:16:2:1. The T-Matrix calculation shows that in case of dimers, the ratio between
the peak strengths of the two LSPR peaks is 0.43. For trimer and chain of particles,
the ratio between the two strongest peaks (which are also close to the LSPR peaks
of dimer) is 0.6 and 1 respectively. While for the monomer there should not be any
longer wavelength peak. The ratio between the two peaks in the experimental ex-
tinction spectrum of Ag\CdTe/Ag hybrid is 0.49, which is close to that of dimer.

Meanwhile, an estimated spectrum of mixed colloid containing monomers, dimers
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etc in the number ratios measured by AFM image is completely dominated by that

of dimers.

FIGURE 4.9: TEM images of Ag\CdTe/Ag HNSs.

4.3 Ultrafast Response of Ag\CdTe/Ag Hybrid Nanos-
tructure

Figure. 4.10 and Figure. 4.11 shows the transient transmission signal (AT /T) mea-

sured for the bare Ag NP and Ag\CdTe/Ag hybrid when probed at 408 nm and 550
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FIGURE 4.10: The measured transient transmission of Ag NPs and
Ag\CdTe/Ag colloidal samples when excited at 400 nm and probed
at 408 nm. Inset shows the same but normalized.

nm, respectively. In all these measurements, the pump wavelength (400 nm) and
pump fluence (2.1 uJmm2) at the sample place were kept the same. For both the
samples and at both probe wavelengths, the magnitude of AT/ T (|AT/ T|) increases,
reaching a maximum by about 400 fs. With further increase in the pump-probe de-
lay, |AT/T| starts recovering, reaching a very low value by about 20 ps. Further,
we find that sample containing bare CdTe QD colloid of concentration similar to
that used in the preparation of the Ag\CdTe/Ag hybrid colloid did not show any
measurable AT /T signal.

The origin of the ultrafast optical response of the bare metal NP colloid has been
reported by several groups[85, 122-124]. When an ultrashort pulse excites a metal

NP at its LSPR, the free-electrons in the particles are set to oscillate in phase with
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FIGURE 4.11: The measured transient transmission of Ag NPs and
Ag\CdTe/Ag colloidal samples when excited at 400 nm and probed
at 550 nm. Inset shows the same but normalized.

the applied field. Within the next few femtoseconds, these electrons decay to single-
particle states through Landau-damping[122]. The energy distribution among elec-
trons at this stage will be non-thermal. These electrons relax to a thermalized high-
temperature state mainly through electron-electron scattering by about a few hun-
dreds of femtoseconds[123]. With the increase in temperature of free-electrons, the
real part of the dielectric constant of Ag also increases which red-shifts the LSPR
peaks[85, 123, 124]. This shift causes a change in the transmission of a metal NP col-
loid. The peak change in the transient transmission occurs at the time when there
is a maximum change in temperature of the free-electrons. In the present case of
bare Ag NP colloid, when excited at 400 nm, the peak in |AT/T| occurs nearly after
400 fs irrespective of probe wavelength. Further, the red-shift of LSPR will cause an
increase in transmission, when probed at 408 nm (blue-side of LSPR), and reduction

in transmission when probed at 550 nm. Thus, the difference in probing wavelength
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with respect to LSPR causes the change in the sign of the measured AT /T in the case
of Ag NP colloid (Fig.4.10 and Fig.4.11).

At the end of thermalization, the temperature of free-electrons is much higher,
whereas the lattice still remains almost at room temperature. Over a time of next few
picoseconds, electron-phonon interaction leads to the thermalization of electrons
and lattice to a much lower temperature. This is because the specific heat capacity of
the lattice is much higher than that of electrons. The thermalization process of elec-
trons and lattice can be quantitatively understood using two-temperature model[85,
123, 124]. However, the two-temperature model would not be, in principle, directly
applicable for HNSs. In the present case, because HNSs are also understudy, the

complete temporal evolution of AT /T was fitted to,

F(t) = 3 [€ (+/8) +1)

Y Age fk] (4.1)
k

where £(x) is the Gauss error function of x, Ay and f; are the amplitude and decay
time respectively. The best fit to the experimental data using Eq.4.1 is also shown
in Fig.4.10 and Fig.4.11. In the case of the bare Ag NP colloid, the best fit value of
electron-phonon thermalization time (7)) probed at 408 nm and 550 nm are 2.3 ps
+ 0.1 psand 2.4 ps & 0.1 ps respectively.

Similar to the bare Ag NP colloid, the sign of AT/T of Ag\CdTe/Ag hybrid
colloid also changes from positive to negative when probe wavelength is changed
from 408 nm to 550 nm. This shows that the transient response of Ag\CdTe/Ag is
strongly similar to that of pure Ag NP colloid. To compare the temporal response,
AT /T normalized to the peak change in |AT/T| (JAT/T|,) are also shown in the in-
set of Fig.4.10 and Fig.4.11. The best fit to the decay times of AT /T for Ag\CdTe/Ag
hybrid colloid when probed at 408 nm and 550 nm are 2.6 ps &= 0.1 ps and 3.2 ps +
0.1 ps, respectively. Clearly, when probed at 408 nm, the recovery of change in trans-

mission of the Ag\CdTe/Ag hybrid colloid is slightly slower than Ag NP colloid,
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whereas, at 550 nm, it takes much longer to recover.

Electron-phonon relaxation takes a longer time in a single crystal Ag NP com-
pared to that of a crystal having twin defects because of the additional scattering of
electrons at the lattice defects[54]. In the present case, the lattice quality of the bare
Ag NPs and Ag\CdTe/Ag hybrid colloids should be the same because the later is
derived from the former. Further, the simple linking of Ag NPs by the CdTe QD
should not change its crystal quality. Thus the increase in the relaxation time of the
Ag\CdTe/Ag hybrid colloid cannot be explained by assuming a modification in Ag
crystal quality. At low temperatures, the electron-phonon relaxation time also de-
pends on its temperature itself, increasing linearly with it. Thus if the increase in
the temperature of Ag in the Ag\CdTe/Ag HNS is more, then it can also show an
increased electron-phonon relaxation time. The comparison between the measured
|AT/T|x for different samples will be able to give some information about the max-
imum temperature reached by the free-electrons in the Ag NPs. If Ae,, is the small
change in real part of dielectric constant due to the change in electron temperature,
then the change in transmission at the probe wavelength (AT /T) of a colloid having

randomly oriented ellipsoidal particle can be written as[85],

AT _2mp

= Im | f7 Aé, . 42
T BAprves j_xz,y,z m[ff (AW)} em(App: Apr) (4.2)

where p is the volume fraction, ¢, is the dielectric constant of the surrounding medium,
f; is the local field factor for j principle axis[31]. Because the change in dielectric
constant is induced by the pump pulse and is sensed at probe wavelength, Ae,
should depend on both the pump and probe wavelengths and their polarizations
with respect to the orientation of the particle. For sufficiently small absorbed pump
energies, Ae,, depends linearly on absorbed power per unit volume of the parti-
cle[85]. For small particles, the contribution to the extinction cross-section is mainly

dominated by absorption. Thus, At,, is expected to be directly proportional to the
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extinction cross-section of the particle.

The |AT/T|y of Ag NP colloid when probed at 550 nm is much lower (only
9%) than that when probed at 408 nm. When pumped at 400 nm, irrespective of
the polarization, all the Ag NPs absorbs the light. The change in the temperature
of free-electrons will be proportional to the C,y; of a single Ag NP. When probed at
408 nm, all the Ag NPs will contributes to the |AT/T|,; and the contribution from
Im [ ]‘]2] is also strong near to the LSPR (Fig.4.12(a)). However, when probed at 550
nm which is far separated from LSPR, the contribution to |AT/T|, from Im [ fﬂ
reduces considerably, reducing the measured |AT/ T|pk[85, 125, 126]. Because the
pump fluence is the same in both of these cases, the decay time will also remain the

same irrespective of the probe wavelength.

4.4 Random Orientation Model

(@) 2 () = () 2
y y y
App =400 Nnm App =400 nm App = 400 nm
X Ao =408 nmf X Ao =408 nm| % Apr =550 nm
(d) (e) Hot Spot
dogry = 400 nm B = 400 nm
Apr =408 Nnm Apr =550 Nnm

FIGURE 4.12: Schematic of particles oriented in three different direc-

tions along with polarization of pump and probe pulse. Blue thick line

indicates polarization of pump pulse(400 nm) and thin line, blue(408
nm) and green(550 nm), indicates polarization of probe pulse.
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The observed strengths of the LSPR peaks in the case of Ag\CdTe/Ag hybrid
colloid can be explained by a simple model based on the orientation of the particles.
Because of spherical symmetry, all the Ag NPs in the colloid absorbs the incident
light irrespective of its polarization. Although in a colloidal sample all orientations
of Ag\CdTe/Ag NP is possible, consider a more straight forward picture where all
the particles are randomly aligned parallel to one of the three Cartesian directions
with equal probability (inset of Fig.4.5). Such an assumption in the distribution of
particles has been shown to match well with that of the measured optical response
of colloid containing randomly oriented ellipsoids and nanoprisms[32, 113]. Let the
electric field be aligned to one of the Cartesian directions such that about 66.7% (%Td)
of the particles will contribute to the T-LSPR peak (at 410 nm) because for these par-
ticles the polarization of light is oriented along the transverse axis. Whereas the rest
33.3% (%rd) of the particles have their longitudinal axis aligned along the polariza-
tion and will show resonance at L-LSPR (535 nm) i.e. along the gap plasmon. The
measured LSPR peak heights for Ag\CdTe/Ag hybrid colloid at 410 nm and 535
nm are 65% and 32% of that of Ag NP colloid at its LSPR peak which are very close
to that predicted by the model. This also implies that the C.y; of an Ag\CdTe/Ag
particle is exactly the same as that of two isolated Ag NPs if polarization is appropri-
ately aligned. The random orientations of the particles mainly cause the reduction
in Ceyt of the Ag\CdTe/Ag hybrid colloid.

As discussed in the case of static optical response above, when the particle is
aligned along the transverse axis, it’s C,y will remain nearly the same as that of
two isolated Ag NPs. In Fig.4.12, schematic of particles oriented in three different
directions along with the polarization of the pump and probe beams used in the
experiments are shown. When excited at 400 nm, close to T-LSPR, nearly %rd of the
Ag\CdTe/Ag hybrid particles will absorb the light, and the increase in tempera-
ture of free-electrons will also be nearly same as that of the isolated Ag NP for the

same pump fluence. When probed at 408 nm, the factor Im [ f]Z] (Eq.4.2) will also
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be finite and all the excited Ag\CdTe/Ag particles (which is only %rd of the total)
will contribute to [AT/T|,. Thus the |AT/T|,; measured for Ag\CdTe/Ag hy-
brid colloid should be lesser by at least a factor of %rd compared to that of Ag NP
colloid when probed at 408 nm. With a similar argument it can be shown that the
|AT/T|x of Ag\CdTe/Ag hybrid colloid probed at 550 nm, close to L-LSPR, should
be lesser by at least a factor of %rd compared to that of Ag NP colloid probed at 408
nm (Fig.4.12(c)). The |AT/T|, measured for the Ag\CdTe/Ag hybrid colloid is
about ~ 44% and 11% when probed at 408 nm and 550 nm, respectively, compared
to that of Ag NP colloid at 408 nm. Thus, the measured |AT/T|,; of Ag\CdTe/Ag
hybrid colloid at these wavelengths was even lower than that estimated. For the
metal nanoparticles, it is well known that the amount of energy absorbed by metal
nanoparticle decides the |AT/T|,. Based on above observation, the increase in tem-
perature of free-electrons in the Ag NPs of Ag\CdTe/Ag hybrids should be same or
lower than that of the particles in bare Ag NP colloid. Thus the electron-phonon re-
laxation time measured for Ag\CdTe/Ag hybrid colloid should have remained the
same or reduced than that of Ag NP colloid, which is opposite to that of observed in
the experiment. Hence, change in the absorbed power cannot explain the increase

in the relaxation time measured for Ag\CdTe/Ag hybrid colloid.

4.5 Origin of Ultrafast Optical Response Ag\CdTe/Ag
Hybrid Nanostructure

Prashant K. Jain et al. studied the transient change in the optical response of aggre-
gated gold NPs when excited at 400 nm[127]. Their result shows that the electron-
phonon relaxation time is shorter when probed at the longer-wavelength LSPR peak
compared to that measured at the shorter wavelength. They attributed this reduc-
tion to the increased overlap of the longer wavelength LSPR with the phonon spec-

trum and the enhanced interfacial electron scattering[127]. A similar reduction in
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electron-phonon relaxation time has also been reported for other Au and Ag NP ag-
gregates[128, 129]. This implies that the interaction between two metal NPs should
lead to a reduction in the relaxation time of the AT /T, which is again the opposite of
what is observed in the present case. Thus, the presence of CdTe QD in between the
Ag NPs is indeed playing a role in the dynamics observed in Ag\CdTe/Ag colloid.

When a metal NP is attached to a semiconductor, three main processes modi-
tythe response of the combined superstructure. A direct metal-to-semiconductor
interfacial charge transfer, which occurs through direct excitation of electron from
metal NPs to empty states in semiconductor[130-132]. Such transfer is possible in
hybrid systems where the semiconductor is in direct contact with the surface of the
metal. In some hybrid cases, the metal NP absorbs the light creating hot-electrons,
which then gets transferred to the empty levels in semiconductor. Signature of such
hot-electron transfer from metal NP to semiconductor QD has been observed in sev-
eral hybrid nanostructures[130, 131, 133]. Even if there is no direct contact between
the metal and semiconductor, hot-carrier transport still occurs via the linking poly-
mer/molecule[20]. In addition to the processes mentioned above, a direct energy
transfer between metal and semiconductor is also possible, if the LSPR of metal NP
overlaps with the absorption spectrum of semiconductor QD[93, 134].

Charge or energy transfer between the constituents of a hybrid strongly depends
on the final superstructure formed by the metal-semiconductor nanostructures[20,
135]. When the Ag\CdTe/Ag hybrid colloid is pumped at 400 nm, T-LSPR is excited
in the Ag NPs, and at the same time, it can also excite carriers in CdTe from valance
band to conduction band. A comparison of temporal response of AT/T of Ag NP
colloid and Ag\CdTe/Ag colloid when probed at 408 nm shows that the dynamics
in this system is dominated by the plasmonic response of Ag NP. Even if carriers
are excited in CdTe QDs, when probed well above the band edge, CdTe QDs do not
show a significant change in its transient response[20]. Further, exciting at 400 nm,

resonant with T-LSPR, does not create hot-spot between the Ag NPs where CdTe
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QD is located since it does not excite gap plasmon (Fig.4.12(d)). Thus, probing the
Ag\CdTe/Ag colloid at 408 nm strongly resembles the dynamics of Ag NP colloid
(Fig.4.10). On the other hand, when probed at 550 nm, the probe pulse can sense the
presence of CdTe QD because the probe field gets enhanced at the location of CdTe
QD. Further, CdTe QD can also show a strong transient change in transmission when
probed at 550 nm. Thus, although a significant contribution of metallic response is
expected near to the gap plasmon, the Ag\CdTe/Ag hybrid colloid, when probed

at 550 nm, shows a longer response time than that of bare Ag NP colloid.

4.6 Summary

When Ag NP colloid is mixed with TGA capped CdTe QD colloid such that in the
mixed colloid the number ratio between the Ag NPs and CdTe QDs is 2:1, stable
HNS with two Ag NPs and a CdTe could be formed. Optical spectra during growth
and transient optical response suggests that the final structure has two touching Ag
NPs with CdTe QD stuck in between them. The static optical response of the final
hybrid colloid could be explained well by the electromagnetic interaction between
these particles present in the structure. Assuming that the extinction cross-section
of each Ag NP in the Ag\CdTe/Ag hybrid structure to be the same as that of an
isolated Ag NP, the optical response of Ag\CdTe/Ag colloid could be explained by
their random orientations in the host. When excited and probed near the T-LSPR,
the ultrafast optical response of Ag\CdTe/Ag HNS resembles that of a bare Ag NP.
On the other hand, when probing at the gap plasmon, a delayed recovery of tran-
sient transmission was observed. This is attributed to sensing the presence of CdTe
QD in the hot-spot regime by the probe field tuned to the gap plasmon. Placing a
semiconductor QD at or close to the hot-spot is a significant step towards using the
enhanced local field in various applications such as plasmonic sensing, optoelec-

tronics, energy harvesting, nanolithography and optical nano-antennas. A similar
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hybrid formation technique can be extended to other noble metals and II-VI SQDs
capped with thiols. Therefore these studies are also crucial for the advancement in
the area of colloidal self-assembly, with impacts on the dynamic properties of gap

plasmon for specific needs[7, 136].
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Chapter 5

Radiative and Non-radiative process
in Ag nanosphere and CdTe quantum

dot Hybrid Nanostructure

The ultrafast response of metal-semiconductor HNS can have both the plasmonic
and excitonic contributions. These contributions have different physical origin and
are usually described by different physical theories. In case of isolated MNPs, ultra-
fast optical response in explained by the increase in temperature of free electrons[85]
while in isolated SQDs, both radiative and non-radiative processes contribute to
the total carrier dynamics and is explained by band to band absorption, band fill-
ing, inter and intra band relaxation, etc[86]. Thus, the various dynamical processes
that occurs in individual constituent materials of HNS as well as their synergis-
tic interaction complicates the understanding of complete optical response of HNS.
Nonetheless, it is important to comprehend the basic interactions between these
individual constituents for designing an HNS focused toward a particular applica-
tion. Mondal et al. has reported a detailed study on the ultrafast response of such

Ag NP and CdTe QD HNS by exciting only the CdTe QDs and away from the LSPR



Chapter 5. Radiative and Non-radiative process in Ag nanosphere and CdTe
82
quantum dot Hybrid Nanostructure

of Ag NP in water[20]. Electron transport from CdTe QD to Ag NP could be re-
vealed by their study. In this chapter™, we study the origin of the optical response
of Ag NP surrounded by CdTe QDs, namely Ag-nCdTe, under simultaneous ex-
citation of plasmon and carriers in CdTe QD using ultrafast transient absorption,
steady-state absorption and time-resolved photoluminescence spectroscopy. It was
observed that the ultrafast optical response of the hybrid shows an initial (upto <
3 ps) plasmonic response while the later times (> 3 ps) shows CdTe QD response.
Further, using steady-state and time-resolved photoluminescence, we also study the
radiative property of this HNS. The emission from Ag-nCdTe is shown to be always

quenching, irrespective of the excitation energy.

5.1 Ultrafast Optical Response of Ag-nCdTe Hybrid Nanos-
tructure probed near LSPR

The individual colloidal solutions of Ag NPs and CdTe QDs dispersed in water were
prepared and characterized separately(discussed in chapter 2). The volume fraction
of CdTe QDs and Ag NPs in water in the individual colloids were of the order of
107° and 1077, respectively. Based on our study in Chapter 3, at the mixing ratio of
v = 0.56, each of the Ag NP is completely surrounded by 32 CdTe QDs (n=32) in the
Ag-nCdTe hybrid[89]. Once these CdTe QDs surrounds the Ag NP surface, further
attachment of CdTe QDs to the same Ag NP is prevented thus making a stable HNS
in the mixed solution. Ideally, in the Ag-nCdTe HNS sample it is expected that there
are only HNS with no individual particles.

Figure 5.1 shows the extinction spectra of Ag NP and CdTe QD colloids. The
extinction spectrum of Ag NP colloid shows a well-known single LSPR peak at 413

nm, which is typical for small Ag spherical particles in water[31]. On the same

**This work is published by the author of this thesis as "Ultrafast Carrier Dynamics in Ag-CdTe
Hybrid Nanostructure: Non-radiative and Radiative Relaxations”, Sabina Gurung, Durga Prasad
Khatua, Asha Singh, J Jayabalan, Journal of Physics: Condensed Matter, 2021 33 (18), 185702.
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FIGURE 5.1: Extinction spectra of the colloidal solutions of Ag NP, CdTe
QD and Ag-nCdTe hybrid.

tigure, the extinction spectrum of CdTe QD colloid is also shown. The lowest en-
ergy excitonic peak of CdTe QD colloid, the 1s-1s transition is at 560 nm. Figure 5.1
also shows the measured extinction spectrum of Ag-nCdTe hybrid colloids and is
different from that of both of its constituent colloids[89]. Unlike the Ag\CdTe/Ag
case, the present sample, Ag-nCdTe hybrid, has an increasing absorption strength
towards UV regime similar to that of a bare CdTe QD colloid. Additionally, the Ag-
nCdTe hybrid has an increased absorption in the longer wavelength regime (start-
ing from ~ 600 nm). Further, the excitonic peak in case of Ag-nCdTe colloid got
bleached compared to the bare CdTe QD colloid. Various groups have reported
similar changes in the extinction spectrum in metal-semiconductor HNS when com-
pared to that of individuals[1, 11, 75, 137, 138]. The increase in the absorption cross-
section in the longer wavelength of Ag-nCdTe is attributed to the defect states cre-

ated by the attachment of Ag NP to CdTe QD. On the other hand, the presence of
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FIGURE 5.2: Transient transmission of Ag NPs and Ag-nCdTe colloidal
samples when excited at 400 nm and probe at 408 nm. Inset shows the
normalized curve of the same data.

MNP also dissociates the excitons in the semiconductor QD resulting in the reduc-
tion of exciton peak strength.

Figure 5.2 shows the transient transmission (AT /T) measured for the colloidal
samples of bare Ag NP and Ag-nCdTe hybrid colloid when probed at 408 nm. Both
Ag NP and Ag-nCdTe hybrid colloids showed measurable change in the transmis-
sion of the sample at intensity used in the measurement. The magnitude of AT/T
in both the colloids starts increasing with the arrival of the pump pulse, reaching
a maximum by about 450 fs. At later time delay, AT /T reduces, leaving a residue
even up to 100 ps. However, the peak of AT /T of Ag-nCdTe colloid when probed at
408 nm is only 10% of that of Ag NP colloid. Further, the reduction in the amplitude
of fast component is much higher than that of the longer decay component. This dif-

ference in the reduction in the magnitudes can be clearly seen in the normalized plot
of the AT/T (inset of Fig.5.2). Relatively, the long decay time component is much

more in the case of Ag-nCdTe hybrid compared to that of bare Ag NP colloid. Since
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the extinction in Ag-nCdTe HNS (Fig.5.1) is strongly QD dominated, it is essential
to isolate the contribution of bare CdTe QDs (the non-interacting volume of CdTe)
to understand the contribution of metal and interaction between metal and semi-
conductor in hybrid. This will allow an easy interpretation of data with respect to
that originating from interaction between metal and semiconductor. Therefore we
used low concentration of CdTe QD such that for the number density of CdTe QD
same as that in the Ag-nCdTe hybrid, CdTe QD colloid did not show any measur-
able AT /T signal. Thus, the finite AT /T measured for the Ag-nCdTe hybrid should
be attributed to the contribution by the Ag NP and the synergistic interaction be-
tween Ag NP and CdTe QDs. The origin of transient transmission signal from Ag
NP colloid has already been discussed in earlier Chapter 4(sec 4.3).

Let us now look at the origin of the ultrafast optical response of the Ag-nCdTe
hybrid colloid. In a metal-semiconductor hybrid, when a MNP interacts with SQD,
the optical response of the combined nanostructure is expected to be very differ-
ent from that of the individual components. When excited at the LSPR, the LFE
occur near the MNP which can be much higher than the applied; such a large en-
hanced field can increase the absorption in SQD[72, 139]. It is also possible that
excited carriers may get transported from MNP to SQD or vice versa. Addition-
ally, energy exchange processes like foester resonance energy transfer (FRET) and
plasmon-induced resonance energy transfer (PIRET) are also possible in the hybrid
system[19, 90]. Coupling between the MNP and SQD is also known to introduce
additional defect states in the HNSJ[1, 11]. The individual contribution from each of
these above mentioned processes to the optical response of the hybrid depends on
the shape, size and material of the individual components, the properties of link-
ing molecules and their spatial distribution. Since the temporal response of the Ag
NP and Ag-nCdTe hybrid colloids are nearly similar and the bare Ag NP gave a
strong transient signal at this wavelength (Fig.5.2), it is essential to understand the

contribution of plasmonic response from Ag NP in the Ag-nCdTe HNS.
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5.2 Effect of CdTe QD on the LSPR of a Ag NP

It is well known that the LSPR response of a metal NP depends strongly on the di-
electric constant of the surrounding medium. To understand the effect of the pres-
ence of CdTe QD on the optical response of Ag NP, we have calculated the optical
response of the combined HNS using the T-matrix technique. In the T-matrix cal-
culations, we used the experimentally measured sizes of the Ag NP and CdTe QD.
Figure. 5.3 shows the calculated extinction cross-section of a Ag NP surrounded by
32 CdTe QDs using T-matrix technique. For comparison, we have also shown the
calculated extinction spectra of a single Ag NP in water and 32 non-interacting CdTe
QDs. As expected, the optical response of Ag-nCdTe colloid is quite different with
a strong red-shifted LSPR peak of about 75 nm compared to that of Ag NP colloid.
Further, the peak strength of LSPR peak for Ag NP also reduces to about 65% of that
of Ag NP. Thus, an excitation at 400 nm would only weakly excite the LSPR in case
of Ag-nCdTe hybrid. It should be noted that the optical response calculated using
the T-matrix technique considers only electromagnetic interaction between the Ag
NP and CdTe QD. However, in a real metal-semiconductor hybrid, there is not only
electromagnetic interaction but several other charge and energy exchange processes
mentioned earlier. Thus, a calculation which assumes only the electromagnetic in-
teraction between the metal and semiconductor would not mimic the true properties
of the hybrid. Nevertheless, such calculation would give some insight into the con-
tribution from electromagnetic interaction to the final optical response of the HNS.
It is well established that the peak change in AT /T directly depends on the
amount of energy absorbed by the metal NP[85]. Any change in the amount of ab-
sorbed energy in presence of CdTe QDs should change the transient response of Ag
NP in Ag-nCdTe hybrid. A comparison between the calculated extinction spectra
of Ag NP and Ag-nCdTe hybrid can give an idea about the change in the absorbed
energy when excited at 400 nm. The numerically calculated LSPR peak of Ag NP in

water is at 393 nm while in the experiment, it is at 413 nm. Taking into account of
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FIGURE 5.3: The extinction cross-section calculated using T-Matrix

technique for a single Ag NP in water (orange), 32 non-interacting CdTe

QDs and the Ag-nCdTe HNS (1 Ag surrounded in all directions by 32

CdTe QDs).

such shift, the absorption in Ag NP in the hybrid should be only 4% of that of bare
Ag NP at 400 nm. The measured peak change in AT /T of Ag-nCdTe hybrid colloid
is about 10% of that of Ag NP colloid (Fig.5.2). Further, an exponential decay fit to
the measured AT /T in case of Ag-nCdTe gives 1.3 ps while it is 2.3 ps in case Ag NP
colloid. The electron-phonon (e-ph) thermalization time depends on the absorbed
energy in Ag NP. Thus, a reduction in absorbed energy should also reduce the de-
cay time of AT /T as observed in the case of Ag-nCdTe hybrid. Therefore, it looks
tempting to attribute the observed changes in AT /T to the reduction in absorbed

energy in Ag NP when surrounded by CdTe QDs in the hybrid colloid.
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5.3 Understanding Dynamics of Ag-nCdTe Hybrid Nanos-
tructure using Two-Temperature Model

If the observed changes in AT /T is only due to such reduction in absorption as pre-
dicted by electromagnetic theory, the measured dynamics in Ag-nCdTe colloid can
be explained using a two-temperature model (TTM), which works well for pure Ag
NP colloid[85, 123, 124]. Under low excitation conditions, change in dielectric con-
stant of Ag NP is proportional to the temperature of the electrons[85]. The relation
between the electron temperature (T,) and lattice temperature (T;) in TTM is given

by following differential equations:

oe & . Q(t)

3G G (T — T)) + C. (5.1)
BTZ o g o

5T o (T. — Th), (5.2)

where, ¢ represents e-ph coupling constant, Q(¢) is the absorbed power density,
which is proportional to the pump intensity and C. (=7yT,) and C; is the specific heat
capacities of the free electrons and lattice respectively. Using the typical values re-
ported for g, C;, and 7y the Eq.5.1 and Eq.5.2 were solved numerically to obtain the
time dependence of T,. This estimated T, multiplied with a proportionality constant
C was then fit to the decay part of the measured AT /T with Q and C as fitting pa-
rameters. Figure. 5.4 shows the best fit obtained for the decay part of the measured
AT/T of Ag NP colloid. To fit the AT /T of Ag-nCdTe colloid, we keep all the pa-
rameters same as that used in the fitting of Ag NP colloid including the constant C
and reduce only Q(t) until the peak AT /T matches that of the Ag-nCdTe colloid.
The transient curve thus obtained is also shown in Fig.5.4. Clearly, for the corre-
sponding peak change, the fast decay time should have been much smaller than
that observed in the experiment. Further, the magnitude of the long decay compo-

nent for Ag-nCdTe should also be much lower than that observed in the experiment
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FIGURE 5.4: The TTM fit to the experimental AT /T measured for Ag
NP colloid and Ag-nCdTe colloid. The data for Ag-nCdTe is increased
by 10 times to make it comparable with the Ag NP.
(inset of Fig.5.2). Thus, although the transient response of Ag NP and Ag-nCdTe
HNS looks similar, from the comparison with TTM it is clear that the measured tran-
sient signal in Ag-nCdTe HNS could not be just attributed to the weak plasmonic
response from Ag NP. This suggests that other coupling mechanism between Ag NP
and CdTe QDs like charge transfer is also playing a significant role in dictating the
tinal optical response of Ag-nCdTe hybrid.

Several groups have measured the optical response of pure CdTe QDs [20, 140,
141]. When CdTe QD colloid is pumped at 400 nm and probed on the red-side close
to 400 nm, it shows a small increase in transmission (positive AT /T). This increase
in the transmission is attributed to the band-filling effect when carriers are excited
into the conduction band of CdTe QD from its valance band [86, 140]. Note that
the bare CdTe QD colloid having same number density as that of Ag-nCdTe hybrid
colloid, did not show any measurable signal. Nonetheless, an increased absorption

in CdTe QD in presence of Ag NP near to it can contribute to the increased signal.
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FIGURE 5.5: Transient transmission of Ag NPs and Ag-nCdTe colloidal
samples when excited at 400 nm and probe at 550 nm. Inset shows the
normalized curve of the same data.

Further, hot carriers from Ag NP can also get transported to CdTe QD in femtosec-
ond time scale which can further increasing the transient response of CdTe QD in
Ag-nCdTe hybrid. Thus, we attribute the transient response of Ag-nCdTe hybrid
to that originate from two different processes, one that arising from the weak plas-
monic response of Ag NP and an increased CdTe QD response in presence of Ag
NP. Since both of these processes contributes positively to the measured AT /T, it is
difficult to distinguish between these two contributions.

When excited at 400 nm and probed close to the exciton peak (~ 550 nm), the
CdTe QD colloid show a much larger positive AT /T signal when compared to that
of probing near 400 nm[20, 140, 141]. On the other hand, the Ag NP will show
a weak negative AT /T since it is away from LSPR and on the red side of the LSPR
peak. Thus, unlike 408 nm probing, a measurement at 550 nm should show opposite
contribution for Ag NP and CdTe QD response enableing us to isolate the origin

from these two different contributions.
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5.4 Ultrafast Optical Response of Ag-nCdTe Hybrid Nanos-
tructure probed near Exciton

Figure.5.5 shows the transient transmission signal measured for the colloidal sam-
ples of bare Ag NP and Ag-nCdTe hybrid colloid when probed at 550 nm. The
transmission of both the samples reduces with the arrival of the pump pulse (AT /T
is negative). Once again a maximum of |AT/T| occurs by about 450 fs after the ar-
rival of the pump pulse. Both the negative AT /T and the delayed maximum are
the signature of plasmonic contribution from Ag NP. In the next few tens of picosec-
onds, the AT /T of Ag NP colloid recovers with a time constant of 2.4 ps which is
nearly same as that of e-ph thermalization time observed at 408 nm probing. On
the other hand, in case of Ag-nCdTe colloid, the AT /T changes sign near about
3 ps, becoming positive at later times. This positive signal is the signature of the
band filling effect in CdTe QDs which remains more or less constant up to 100 ps[20,
140, 141]. The negative contribution of plasmonic response of Ag NP to the AT /T
of Ag-nCdTe recovers within few picoseconds and is much faster than the positive
contribution of CdTe QD. Thus, the negative plasmonic response of Ag-nCdTe HNS
changes sign and becomes positive at delays more than 3 ps in Fig.5.5. To estimate
the time constants the measured AT /T of Ag-nCdTe colloid at 550 nm was fit to the
equation:

F(t) = %5 (t/7) [—Ae’-‘/f1 +B (1 - ef/fl> + c} ) (5.3)

where, € is the error function. The first decay term corresponds to the plasmonic
response of Ag NP and has a negative amplitude while the second term can be at-
tributed to the positive contribution of band filling effect in CdTe QDs. We find that
Eq.5.3 fits well to the measured AT /T with a time constant 7y = 1.3 ps. This time

constant is same as that of the decay constant of Ag-nCdTe hybrid when probed
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at 408 nm. Thus, a model with enhanced absorption in CdTe QDs along with hot-
carrier dynamics in Ag NP can explain the observed changes in the measured tran-
sient AT /T at these probe wavelengths. In the present case, where both Ag NP as
well as CdTe QD are excited simultaneously, the transient signal has contribution
from both of these different materials. Thus, the T-matrix calculation together with
TTM showed that only part of the transient signal could be attributed to plasmonic
response of Ag-nCdTe hybrid and rest has to be attributed to the synergistic inter-
actions between Ag NP and CdTe QDs. The results obtained by probing at 550 nm
confirms such observation. As mentioned before, the bare CdTe QD colloid could
not give any measurable signal. However, in presence of Ag NP the Ag-nCdTe
HNS colloid shows signature of transient response of CdTe QD. This indicates that
the contribution from CdTe QDs is enhanced when coupled with Ag NP via electro-

magnetic interaction and hot carrier transport.

5.5 Emission Properties of Ag-nCdTe Hybrid Nanos-
tructure

Now, let us look at the effect of presence of Ag NP on the photoluminescence (PL)
properties of the CdTe QDs. Figure 5.6(a) and (b) shows the measured PL spec-
tra of the bare CdTe QD and Ag-nCdTe colloids when excited at 405 nm and 550
nm, respectively. The PL spectra of both bare CdTe QD and Ag-nCdTe colloids are
nearly Gaussian for both the excitation wavelength with a long tail on the higher
wavelength side. It is observed that in Ag-nCdTe colloid, the PL peak intensity
got quenched when compared to CdTe QD colloid, irrespective of the excitation
wavelength. In the case of 550 nm wavelength photon excitation, the quenching is
slightly less than when excited at 405 nm. Another notable observation is that, in
Ag-nCdTe, the tail on the higher wavelength side got enhanced making the PL spec-

tra more asymmetric. It is because when a hybrid is formed by ligand exchange, the



Chapter 5. Radiative and Non-radiative process in Ag nanosphere and CdTe
93

quantum dot Hybrid Nanostructure

20 | (a) ——CdTe QD
—— Ag-nCdTe

15 -
~10 |-
=
Sst
%0 A L 1
c 500 550 600 650 700 750 800
2
= (b) CdTe QD
g} —— Ag-nCdTe
o

6 b=

4

2

0 i 1 1 "

550 600 650 700 750 800

Wavelength (nm)

FIGURE 5.6: Photoluminescence spectra of CdTe QD and Ag-nCdTe
colloids when excited at (a) 405 nm and (b) 550 nm.

MNP introduces additional defect states in the CdTe QDs. The band tailing at the
higher wavelength is more enhanced when excited at 405 nm compared to 550 nm.

Figure 5.7 and Figure 5.8 shows that the temporal evolution of the PL of CdTe
QD colloid when excited at 405 nm and 550 nm, respectively along with the mea-
sured IRF. With the arrival of the excitation pulse, the PL emission starts and over
the next few tens of ns the PL decays at different rates. Depending on the number of
processes that control PL emission, the II-VI semiconductor QD colloid shows a bi-
or tri-exponential decay of the PL [110, 142-144]. We find that the temporal evolu-
tion of PL measured for CdTe QD colloid when excited at both the photon energies
tits well to a tri-exponential decay function convoluted (®) with the experimental

IRF (I1rr), given by

F(t) = (IIRF ® . Aie;it> (5.4)



Chapter 5. Radiative and Non-radiative process in Ag nanosphere and CdTe

94
quantum dot Hybrid Nanostructure
1.0 i ' e CdTe QD
208
0
c
]
e
L6
.|
o
€04
o
=
0.2
0.0
0 50 100 150 200 250 300
Time (ns)
FIGURE 5.7: Time-resolved PL decay kinetics of CdTe QD and Ag-
nCdTe colloids when excited at 405 nm. Inset shows the same time-
resolved PL zoomed in time. The dotted line shows the measured IRF.
The solid lines are the best fit to the corresponding data using Eq.5.4.
TABLE 5.1: Best fit parameters obtained by fitting Eq.5.4 to the experi-
mental time-resolved PL of CdTe QDs and Ag-nCdTe colloid.
Sample Aexe (Nm) A1 % T (ns) Ar% T(ns) Az % T3 (nS)
CdTe QD 405 77 0.23£ 0.02 14 7£0.2 9 65+ 2
550 72 0.234+ 0.01 17 7£0.1 11 63+ 2
AgnCdTe 405 87 0.21+£0.002 7 6.5+£02 6 235+ 6
550 87 0.19+£0.003 7 6+ 0.2 6 150+ 4

where A, is the i signal amplitude corresponding to the time constant (decay time)
T;. The best fit parameters obtained by fitting Eq.5.4 to the experimental CdTe QD PL
is summarized in Table-5.1 and the best fit curves are shown in Fig.5.7 and Fig.5.8.
At excitation photon wavelength 405 nm, a strong portion of the PL, 77%, decays
with a time constant of 0.23 ns, 14% decays with a time constant of 7 ns, and about
9% of the PL decays with a much longer lifetime of ~ 65 ns. The best-fit parameters
(decay times and amplitudes) for the bare CdTe QDs at 550 nm also remain almost
similar to that of 405 nm excitation. This similarity indicates that the PL relaxation

processes do not depend on the excitation photon energy. A similar observation was
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FIGURE 5.8: Time-resolved PL decay kinetics CdTe QD and Ag-nCdTe

colloids when excited at 550 nm. Inset shows the same time-resolved

PL zoomed in time. The dotted line shows the measured IRF. The solid
lines are the best fit to the corresponding data using Eq.5.4.

also reported by Dey et al. and can be explained by the anti-bunching nature of the
photons emitted from single QD [145]. Figure 5.7 also shows the time dependence of
the PL measured for the hybrid sample, Ag-nCdTe, when excited at 405 nm. The PL
measured for this case also fits well with the tri-exponential decay function given by
Eq.5.4 (Table-5.1). In case of Ag-nCdTe, the three different time constant, 7, 7o and
T3 turns out to be 0.21 ns, 7 ns and 150 ns, respectively. The 71 and 1, of Ag-nCdTe
remained same compared to that of the bare CdTe QD, while the 73 became longer.
The amplitude of each decay component, A;’s, has also changed compared to the
bare CdTe QD colloid (shown in Fig.5.9 ). The amplitude of the fast lifetime com-
ponent (A1) has increased slightly while the other two amplitudes, A; and A3, have
reduced. The amplitude and the lifetime showed only small change when excited
by photon corresponding to 550 nm wavelength. Lastly, it has been observed from
Fig.5.10 that PL decay kinetics of CdTe QD and Ag-nCdTe remains same for both the

excitation wavelength. This kind of excitation dependent PL is in agreement with
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FIGURE 5.9: The amplitudes of the best fit parameters obtained by fit-
ting Eq.5.4 to the experimental data of CdTe QD and Ag-nCdTe colloid
when excited at (2) 405 nm and (b) 550 nm
Kasha’s rule which states that PL should be independent of the excitation photon
energy.

Several groups have studied the origin of PL and the decay process in bare CdTe
QDs [110, 142, 144]. When the QD is illuminated by a light pulse having photon
energy above the bandgap, carriers are excited in the QD such that electrons and
holes are excited to the conduction and valence bands respectively. In the present
case, the 1s-1s exciton transition wavelength is about 560 nm (Fig.5.1). When illu-
minated by photons corresponding to 405 nm wavelength, electrons and holes are
excited deep into the conduction band and valence band, respectively. In the next
few hundreds of femtoseconds, these electrons and holes relax non-radiatively to
the corresponding band edge to finally form excitons. These excitons relax by the
emission of photons. Such radiative recombination takes place over a period of sev-
eral nanoseconds in similar QDs [1-3]. During this radiative recombination, a part
of the carriers may relax to defect states present in the sample. Such transfer of car-
riers from the band edge to the defect state will reduce the excitonic emission. If
the carrier transfer rate to the defect state is lower than the radiative recombination
lifetime, the PL kinetics will also show the signature of this relaxation. A fast decay
time in the order of 0.1 ns to 1.5 ns has been observed in CdTe QD and has been at-

tributed to fast non-radiative recombination[144, 146]. The excitation intensity used
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FIGURE 5.10: Comparison of time-resolved PL decay kinetics of CdTe
QD and Ag-nCdTe colloids when excited at 405 nm and 550 nm.

2

013 photon per cm 2.

to excite the sample in this work corresponds to the order of 1
At this excitation intensity Auger mechanism has been observed in CdTe and CdS
QDs [146-148]. Therefore, in the present case, we attribute the shortest relaxation
time observed, 1y, in the case of CdTe QD colloid to the Auger like recombination.
The process responsible for the decay times, 7> and 73, are attributed to the radiative
electron-hole recombination and trap-state emission respectively[143, 144, 149]. In
case of hybrid, increase in A; with a simultaneous reduction in A, and Az, at 405
nm is due to the weak excitation of LSPR that increases the carrier density in CdTe
QD and thus leads to increase in Auger recombination. As a result, the amplitude of
radiative recombination reduces. When excited at 550 nm, although LSPR is not ex-
cited, but the hot electron transport reduces A, and Aj3, resulting in fast quenching
of PL,. Therefore the total integrated area under the PL spectrum quenches to nearly

70% for both 405 nm and 550 nm excitation compared to that of corresponding CdTe
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FIGURE 5.11: Schematic illustration of radiative and non-radiative re-
laxation in Ag-nCdTe HNS.
QD colloid. A schematic of the excitation and both radiative and non-radiative re-

laxation in the Ag-nCdTe HNS is shown in Fig.5.11.

5.6 Summary

Hybrid formation between a metal and semiconductor is shown to significantly al-
ter the static optical responses like absorption and PL spectra. We find that both
non-radiative and radiative components of the individual entities also gets signif-

icantly altered when Ag NP and CdTe QD are brought in close contact. Transient
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transmission measurements performed by exciting at 400 nm and probing at two
different wavelengths shows that the contribution of CdTe QD to the transient re-
sponse got increased in presence of Ag NP. However, the PL and time-resolved PL
measurements did not result in increasing of the radiative emission from the CdTe
QDs. The hot electron transport resulted in PL quenching in hybrid in comparison
to CdTe QD irrespective of the excitation energy. This work provides significant in-
sight into the various relaxation processes that leads to the charge transport and PL

quenching mechanisms in metal-semiconductor hybrids.
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Chapter 6

Quantifying Charge Transport
between Ag nanoplate and CdTe
quantum dot in a Hybrid

Nanostructure

Metal-semiconductor HNS can be made to make use of advantages in both individ-
ual materials for device applications[12, 24-30]. A metal nanoparticle can directly
increase the absorption efficiency of an adjacent semiconductor or it can absorb light
and inject carriers into the semiconductor there by increasing light-matter interac-
tion in semiconductor. However, for designing such hybrid material targeted to-
wards a specific application, it is essential to understand the possible interactions
between the individual constituents. In this chapter*™, using an appropriate AgPT-
nCdTe HNS (Ag nanoplate surrounded by CdTe QD), such that the LSPR of Ag
nanoplate (PT) is well below the bandgap of CdTe QDs, we develop a formalism to
get a fair estimate of the number of electrons getting transported from the Ag NP to
the CdTe QD. We also study the PL spectrum and time-resolved PL to understand

the emission property of AgPT-nCdTe HNS.

**This work is published by the author of this thesis as "Counting the Electrons Hopping in
Ultrafast Time Scales in an Ag-CdTe Hybrid Nanostructure”, Asha Singh, Sabina Gurung, Rama
Chari, J. Jayabalan, The Journal of Physical Chemistry, 2019, 123(47), 28584-28592.
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6.1 Theory of Transient Optical Response of Metal Nanocol-
loids

Consider a composite medium composed of aligned noninteracting ellipsoidal metal
particles, having homogeneous and isotropic dielectric constant ¢, dispersed in a
transparent host medium of dielectric constant ;. When the dimensions of the par-
ticle are much smaller than the wavelength of light, the effective dielectric constant
of the colloidal medium (e.;) for each of its principle semi-axis, j (= 1, 2, 3), is given
by,[31, 150]

eemj = &5+ 5f; (em —¢5), 6.1)

where p is the fraction of volume occupied by the particles in colloid. The function,
fj, also known as the field enhancement factor, is given by,

11]85

=7 6.2
€m + bjes (6:2)

fi
with a; = 1/L; and b; = (1 — L;)/L;. Here L;’s are the shape dependent depolar-
ization factors for the ellipsoidal particles [31, 150]. The absorption coefficient of the
colloid is related to the imaginary part of dielectric constant of colloidal medium
and is given by,[151]
27

a(A) = A—\/alm{scm}, (6.3)

where A is the wavelength of light and c is velocity of light. The dielectric constant
of a metal (¢,,) is complex, &, = s/m + is/r/n, and for noble metals s/m can be negative in
visible regime. Due to the dispersion of ¢, it is possible that at certain wavelengths

the condition,

py = — Em(M) (6.4)

is satisfied. A resonance occurs at these wavelengths in «(A), which are known as

localized surface plasmon resonances[31, 32]. For a sphere, all L;’s are same and



Chapter 6. Quantifying Charge Transport between Ag nanoplate and CdTe
102
quantum dot in a Hybrid Nanostructure

equal to 1/3. Hence a metal nanosphere colloid show a single LSPR peak[31, 32].
However, in general, for an ellipsoidal particle where all the three principle semi-
axes are different, the corresponding colloid can show three distinct LSPR peaks
depending on the orientation of particle with respect to the direction of applied

electric field[31, 150]. Using Eq.6.1 the absorption coefficient can be rewritten as

a(A) =~ TPVE G [ (0] (6.5)

It is straight forward to extend this calculation for a colloid containing randomly
oriented ellipsoidal particles[150]. This can be done by integrating the contributions
from all possible orientations of the particle with respect to the applied field. When a
metal nanocolloid is excited by a short pulse of wavelength close to any of its LSPR,
the free-electrons in metal particle absorb part of the pulse energy creating a change
in the dielectric constant of the metal. In case of silver excited with visible light only
the real part of dielectric constant changes[124]. Let Aslm be the change in dielectric
constant due to this excitation. For sufficiently small Ae,, the change in absorption

coefficient of the sample can be written as [85],

27tp

3AEs

Ax(A) = Im [f]?()\)} Ac,(A). (6.6)

Thus, change in absorption measured in an experiment can be directly used to mea-

sure the change in the real part of dielectric constant of metal.
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6.2 Optical Response and Structural Characterization

of AgPT-nCdTe Hybrid Nanostructure

The optical and structural characterization of Ag PT colloid, CdTe QD colloid as
well as AgPT-nCdTe hybrid colloids are shown in Fig.6.1. The overall volume frac-
tions of the Ag PT or CdTe QDs in water were in the order of 107°. M,, represents
a Ag-CdTe hybrid nanocolloid with v = Vyp/Vgp formed by mixing Vyp volume
of the as prepared Ag PT colloid and Vgp volume of as prepared CdTe QD colloid.
The extinction spectrum of the as prepared CdTe QD colloid shows the 1s(e)-1s(h)
excitonic transition at ~570 nm (Fig.6.1(a)). The size of QDs estimated from this
excitonic peak using Peng’s empirical formula is 3.4 nm[107]. AFM images of the
CdTe colloid shows well separated small particles of average size same as that esti-
mated from the excitonic peak. The extinction spectrum of the Ag PT colloid shows
a strong in-plane dipole peak at 582 nm and an out-of-plane quadrupole peak at
339 nm[32, 152]. It also has a broad peak near 430 nm which is due to in-plane
quadrupole resonance. From the TEM images we estimate the average height (from
middle of the base to maximum height as shown in Fig.6.1 (c)) and thickness of the
triangular Ag PT to be ~ 40 nm and 7 nm respectively.

The extinction spectrum of the hybrid sample M, 5 differs from that of a Ag PT
colloid (Fig6.1(a)) in some respects. The in-plane dipole peak is shifted by about 40
nm to 622 nm. Similarly, the out-of-plane quarupole peak is shifted to 335 nm, a 4
nm blue-shift. Such red-shift of in-plane dipole peak and blue shift of out-of-plane
quadrupole peak is expected if the Ag PT is surrounded by a higher refractive index
material compared to water[153]. There is also a overall reduction in the strength
of in-plane dipole peak. The measured spectrum of hybrid does not match with
that estimated for a colloid containing mixture of non-interacting Ag PT and CdTe
QDs. Thus the optical response itself clearly indicates the existence of interaction be-

tween the Ag PT and CdTe QDs. The AFM topography measurement of the hybrid
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nanocolloid (Fig. 6.1(e) and (f)) shows a completely different structure compared
to that of individual colloids. In the mixed sample, the AFM image shows pres-
ence of much larger aggregates which resemble a structure in which several smaller
particles of size comparable to that of CdTe QDs are attached to a larger particle.
Such aggregate like structures are expected if each Ag PT was surrounded by sev-
eral smaller CdTe QDs. Note that the topography structure shown by AFM for the
HNS is only indicative. This is due to the fact that the process of drying the sample
will distort the true morphology present in the colloid.

Optical spectra of the hybrid nanocolloid sample can also give some informa-
tion about the structure of AgPT-nCdTe HNS. For calculating the spectra of Ag PT
colloid and AgPT-nCdTe hybrid colloid, the code developed by Drain and Flatau,
DDSCAT, was used[154, 155]. In this calculation the given nanostructure is replaced
by an appropriate lattice of small spherical dipoles. In the present case we replace
the nanostructure by a lattice with dipoles greater than 4 x 10*. Since Ag PT will be
oriented in all possible angles in a colloid it is essential to do the extinction spectrum
calculation for all possible orientations of particle. To closely mimic this situation,
the extinction spectrum of a given particle is calculated by averaging over the three
Cartesian directions [32, 152]. Figure. 6.2 shows the numerically calculated extinc-
tion spectrum of a single truncated PT of average experimental dimensions. Clearly
the calculated response mimics well the measured optical spectra of Ag PT. The
broadening observed in the experimental spectrum compared to the numerical cal-
culation can be explained by the dispersion in particle dimensions present in the
sample.

In an earlier experiment, when citrate capped Ag nanospheres were mixed with
TGA capped CdTe a HNS is formed which consist of Ag nanosphere surrounded
by CdTe QDs[89]. About 70% of the Ag surface was estimated to get covered by
CdTe QDs. Assuming a similar coverage on the Ag surface and taking into account

the particle diameters and volume factions of individual colloids we have estimated
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appropriate mixing ratio for the formation of Ag PT-nCdTe HNS. Inf act, the mixing
ratio of v = 2.5 was chosen to ensure such covering of Ag platelet surface by CdTe
QDs. Using this model structure for the hybrid, we calculate the optical response of
the coated Ag PT as follows.

The coating on top of the Ag PT is expected to be formed of a mixture con-
tains CdTe QDs, the capping agents and water. The dielectric constant of the CdTe
QDs coating layer is calculated as follows. First the dielectric constant of a single
CdTe QD (g,4) is estimated by following the procedure reported by Marcelo Alves-
Santos et al. using the measured absorption spectrum of CdTe QD colloid (see sec-
tion 2.6.1)[102]. Assuming that the CdTe QDs are embedded in an almost water like
environment we estimate the dielectric constant of the coating medium (€.o4¢) using

the Maxwell-Garnett mixing formula [38],

€gd — €s

€ =€+ 3fe ,
coat s f seqd+2€s_f(€qd_€5)

6.7)

where €; is the dielectric constant of water and f is the fraction of volume occupied
by the CdTe QDs. For the calculation, the thickness of the coating was taken to be
4.4 nm, which corresponds to a coating of one CdTe (3.4 nm) and 0.5 nm on its both
sides to account for the TGA coating layer. Figure. 6.2 also shows the calculated
extinction cross-section of the Ag PT surrounded by CdTe QDs. All the LSPR peaks,
except the out-of-plane quadrupole peak show a strong red-shift. Specifically, the
in-plane dipole peak red-shift from 593 nm to 642 nm, a shift of 49 nm. Further,
the strength of all the LSPR peaks of hybrid also reduces when compared to that of
the uncoated metal particle. Due to the reduction in LSPR strengths as well as red-
shift of other LSPR peaks the background extinction reduces in the range 350 nm
to 400 nm. This results in the apparent sharpening of the out-of-plane quadrupole
peak observed in experimental spectrum of the hybrid. Although this calculation

accounts for only the electromagnetic interaction between the CdTe QDs and the Ag
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PT, still the changes observed experimental extinction spectra match well with that
of calculated for Ag PT with and without CdTe QDs coating. Based on the calcula-
tions as well as preparation technique used in the formation of AgPT-nCdTe HNS,
the hybrid superstructure (AgPT-nCdTe HNS) is composed of Ag PT surrounded
by 180 CdTe QDs.

81 /ﬂ ﬂ

0
300 400 500 600 700 800

Wavelength (nm)

FIGURE 6.2: The numerically calculated extinction cross-section spec-
tra of a single Ag PT with and without coating of CdTe QD embedded
layer.

6.3 Ultrafast Transient Absorption of AgPT-nCdTe Hy-
brid Nanostructure

Having discussed the structural and linear optical response of the Ag PT with and

without coating let us now look at their transient response. Transient absorption
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FIGURE 6.3: Transient absorption signal measured at different pump

intensities: (a) dots are experimental data for pure Ag PT colloid and

the solid lines are the best fit to data with TTM and (b) dots are exper-

imental data for AgPT-nCdTe colloid and solid lines are the best fit to

data with exponential decay function.

measurements were carried out in standard pump-probe geometry using a 80 MHz
Ti:sapphire laser operated at 800 nm wavelength. The pulse width of the laser at the
sample place was 220 fs. The wavelength at which the measurement was carried
out, 800 nm, has energy much lower than that required for excitation of carriers in
CdTe QD. However, it is within the inhomogeneously broadened in-plane dipole
peak of the PT. Figure 6.3 shows the time evolution of change in absorption (Ax) of
the Ag PT colloid and the hybrid colloid when excited at different pump peak inten-
sities. To ensure identical experimental geometry, the measurements were first per-
formed on Ag PT colloid and then a measured amount of CdTe colloid was added to
it. This results in addition of certain amount of water to the Ag PT colloid along with

CdTe QDs. The transient absorption of the hybrid has been corrected for this addi-

tional dilution so that it can be directly compared with the Ag PT colloid. In both
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samples, just after arrival of pump pulse (zero delay) the Aa increases reaching its
maximum within few hundreds of femtoseconds which then recovers within next
few picoseconds. With increase in pump intensity the peak change in the Ax (Ax;4y)
also increases. In case of pure Ag PT colloid, the recovery is exponential in nature
at lower pump intensities while at higher it becomes non-exponential. However, in
case of the hybrid colloid recovery remains exponential even at higher intensities.
We find that such changes in the transient absorption response is not observed when
only TGA is added to the Ag PT. A colloidal solution containing only the CdTe QDs
does not show any transient absorption signal (Ax = 0). This is expected since CdTe
QDs does not absorb when excited at 800 nm. In addition to this we find that adding
more CdTe QDs to the hybrid solution M; 5 does not change the transient absorp-
tion signal substantially. As mentioned before Ag PT in the hybrid sample M, 5 are
covered fully with CdTe QDs. Adding more CdTe QDs to the sample would only
increase the number of unattached CdTe QDs in the colloidal solution and not affect
the absorption. Thus the observed changes in the transient absorption signal of Ag
PT with and without CdTe QDs are arising due to the attachment of CdTe QDs to
the Ag PT (Fig.6.3).

It is known that the dielectric constant of metal, ¢,,, depends strongly on the
temperature of electrons (T,)[156]. In case of silver, an increase in the temperature of
electrons results in red-shift of the inter-band absorption causing an increase in the
real part of the dielectric constant of metal. For small changes in the temperature of
electrons (compared to its Fermi temperature) the ¢, is expected to change linearly
with temperature[85, 125]. An increase in Ae,,, will red-shift the in-plane dipole
LSPR peak (Eq.6.4). Since in the present case probing is being done on the red-side
of LSPR a rise in temperature of free electrons will result in increasing absorption[85,
125]. Thus Aw in case of a metal colloid can be directly correlated to the temperature
of electrons.

Ax(A) = 7(A)AT,, 6.8)
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where 7 is a constant which depends on the type MNP and the wavelength of pump
and probe beams.

Ultrafast excitation of the metal particle at its LSPR creates plasmon oscillations
in coherence with the applied optical field. Once excited these plasmons decay
to single particle states through Landau damping within the first few femtosec-
onds[122]. This results in the absorption of photons and redistribution of electrons
in single particle states. Initially the energy distribution among electrons is nonther-
mal which subsequently undergoes thermalization through electron-electron scat-
tering and the free electrons reaches its maximum temperature by few hundreds of
femtoseconds[85, 157]. Thus after the arrival of pump pulse the Ax reaches its max-
imum by few hundreds of femtoseconds (Fig.6.3). At later times the hot-electrons
heat the lattice through electron-lattice interaction. Since the specific heat capacity
of electrons (C,) is much lower than that of lattice (C;), the temperature of free elec-
trons drops which results in recovery of Aa (Fig.6.3). The energy exchange between
the electrons and lattice can be modeled by the time dependence of electron (T) and
lattice (T;) temperatures using a two-temperature model (TTM) through coupled

differential equations[158],

o 8,0 Q(t)

g = —CE(TE Tl) + Ce ’ and (69)
aTl . g .

5 = T (6.10)

where g is the electron-lattice coupling constant and Q(t) is the absorbed power
density. In the present case since the pulse width of the laser is much shorter than
the typical electron-lattice relaxation time, Q(#) is directly proportional to the inten-
sity of the pump pulse. In case of free electrons, the specific heat capacity depends
linearly on its temperature (C. = yoT;). By numerically solving Egs.6.9 and 6.10, it
is possible to estimate the temperature of electrons (T;) at various pump and probe

delays. Using the reported values of g, C, and Cj, first the recovery of A« for the
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excitation density 1.7 MW /mm? was fit using TTM and Eq.6.8 to estimate the max-
imum change in temperature of electrons (ATM) and 5. Now, using the estimated 7
and only by varying Q(t), which is proportional to the pump power, we obtain the
Aux for other excitation power densities. The calculated Aa values are also shown
in Fig.6.3. Clearly the transient changes in the absorption measured by the experi-
ment match well with those estimated using TTM. The peak change in temperature
of the electrons was estimated to be 1400 K and 1800 K corresponding to the pump
intensities 3.4 and 5.7 MW/mm? respectively. For small pump intensities where
the change in specific heat capacity of the electrons is negligible, the change in elec-
tron temperature AT, = T, — Ty, will decay exponentially with time. When the AT,
is large where the change in C, cannot be neglected the thermalization takes more
time and it is also non-exponential[85, 158]. Such change from exponential behav-
ior to non-exponential can be clearly seen in the measured Aa and as well as in the
estimated AT, (Fig.6.3).

In Fig.6.4 we compare the transient absorption signals measured for hybrid and
pure Ag PT colloids at a pump intensity 5.7 MW /mm?. Two significant changes are
observed in transient absorption signal of Ag PTs when CdTe particles are attached;
first, the peak change in Aa of hybrid increases by about 44% when compared to
that of pure Ag PT colloid. The second is the non-exponential nature of Aa recovery
observed in case of Ag PT colloid changes to exponential for the case of hybrid. A
fit to the decay part of the transient data with a single exponential function gives a
recovery time of ~ 1.33 ps.

As discussed earlier the observed peak shift in the LSPR peaks can be attributed
to the coating of CdTe surrounding the Ag PTs. Thus even in the case of hybrid
colloid the free-carriers absorb incident light through plasmon resonance and the
transient change in Aa should be attributed to the change in dielectric constant of
metal. This is because the excitation at 800 nm cannot directly excite carriers in the

CdTe QDs and would not change its properties. Another point to note is that though
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FIGURE 6.4: Comparison of transient absorption signal of pure Ag

PT colloid and AgPT-nCdTe colloid at a given pump intensity 5.7

MW /mm?. The solid lines are the fit to data with TTM for pure Ag
nanoplate colloid and exponential fit for hybrid colloid.

there is a reduction in the in-plane LSPR peak of hybrid when compared to Ag PT
colloid, at 800 nm the absorption coefficient of the hybrid is slightly more than that
of pure Ag PT colloid due to the red shift (Fig.6.1). Thus under similar excitation
condition the energy absorbed by the hybrid cannot be less than that of pure Ag
PT colloid. Hence, even the hybrid should have shown a non-exponential behavior
in the recovery of Aa. However, this is not the case. If ATM estimated using TTM
is directly used for fitting the recovery of transient absorption of hybrid it fits well
with a ATM of 1100 K but with a different #. Thus the time dependence shows that
the overall temperature increase in Ag PTs coated with CdTe QDs is clearly much
lower than that of uncoated Ag PTs for same excitation power. The decay time, T,

estimated by fitting an single exponential decay function to each pump intensity is
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shown in Fig.6.5(a). At lower intensities the decay time increases with it while at
higher intensities (> 4 MW /mm?) the decay time does not increase much and gets

saturated to about 1.35 ps.
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=
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FIGURE 6.5: The dependence of () recovery time and (b) Aa 1 of tran-
sient absorption signal of AgPT-nCdTe colloid on pump intensity.

As mentioned earlier, in MNP, the plasmons decay by exciting electrons to higher
energy single particle states within first few femtoseconds after excitation. However,
when a semiconductor is in contact with metal, the incident photon may directly ex-
cite an electron from metal to the conduction band of semiconductor through the
interface without exciting plasmon[63]. Another possible scenario is that the in-
cident photon may excite a plasmon in the metal and the plasmon decay by ex-
citing an electron from metal to the conduction band semiconductor through the
interface[63]. However, in the present case both of these excitations are less likely
since SQD are attached to metal through capping agents. The nonexistence of di-

rect interface between metal and semiconductor will reduce the possibility of such
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spatially de-localized transitions. The plasmon induced hot-electron transfer is an-
other well-known process that is possible when the metal nanoparticle is attached
to a semiconductor QD. As in the unattached metal nanoparticle, the plasmon de-
cays by exciting an electron to a higher energy state. This is then followed by the
transfer of hot-electron to the semiconductor. Such transport of hot carriers can hap-
pen even before the thermalization of carriers within metal nanoparticle [17]. In the
present case it is possible that once plasmons are excited, hot-electrons in Ag PT may
move to the attached CdTe. However, these electrons cannot recombine inside CdTe
since there are not that many hole states present there. In the hybrid sample we did
not observe any emission even at the maximum intensity at which the pump-probe
measurement was performed. N. Mondal and A. Samanta have shown that when
carriers are excited in CdTe QDs the cold electrons in the conduction band edge are
able to get transported to the attached Ag nanospheres within a few picoseconds
[20].

A model based on transport of hot carriers from metal to semiconductor within
first few hundreds of femtoseconds and their subsequent return after relaxation
within conduction band of CdTe to metal nanoparticle in next few picoseconds can
explain the observed change in the behavior of transient absorption in the HNS
(Fig.6.6). If hot electrons which can increase the final temperature beyond 1100 K
hop to semiconductor within first 0.45 ps (thermalization time for electrons) then the
maximum temperature reached by the free electrons will remain close to this value.
When excited with even higher intensities, more number of hot electrons will get
generated inside the metal and will get transferred to CdTe QDs keeping the over-
all temperature clamped to 1100 K. This explains why the T does not increase with
pump intensity beyond ~ 1.35 ps (Fig.6.5(a)). This temperature threshold should
depend on the band alignment between the metal and semiconductor as well as the
properties of linking molecule [70, 159]. At later times the hopped carriers will relax

and accumulate at the conduction band edge from where they will hop back to the
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Ag PT. This is due to the fact that there are no holes present in CdTe QD and at the
same time Ag is now positively charged. Such return of carriers for charge neutral-
ity has also been observed earlier[20, 82]. The electron-lattice thermalization time
guided by the final temperature reached by the free electrons in metal Ty and the
relaxation time of electrons from CdTe to Ag PT will decide the final recovery time
of Aa.

As discussed earlier, Aay,,x should be proportional to the maximum change
in the temperature of free-electrons. If the final temperature reached by the free-
electrons in the case of hybrid sample is clamped at 1100 K then the Ax;;4, should
not increase at higher intensities. For example, at a pump intensity 5.7 MW/mm?,
the estimated temperature of free electrons in Ag PT is 1800 K whereas the ex-
pected temperature reached by hybrid is close to 1100 K. Thus it is expected that
the Awy,qx of hybrid sample should be much lower than that measured for Ag PT
colloid at 5.7 MW /mm?. On the other hand Aa,,,;, measured for hybrid colloid (1.9
x 10~ mm~1!) is much higher than that measured for pure Ag PT colloid (1.4 x
10~* mm™!). In fact when the maximum temperature reached by free-electrons in
Ag PTis ~ 1100 K the Aa gy is only 0.84 x 10~* mm~! (Fig.6.3(a)).

According to Drude model the contribution to dielectric constant of the metal

from free-electrons (SJZ “) at the probe frequency w is given by

2

fre _q- 20 6.1
Em w? +iwy’ (611)

where the bulk plasma frequency wy is given by,

2
wy = ,/N—e, (6.12)
€Eom

where N is the number density of free-electrons in the metal, e and m are elementary
charge and mass of electron and e is the permittivity of free space. If some of the

electrons move out of metal nanoparticle then the number density of free-electrons
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will reduce the bulk plasma frequency (Eq.6.12). Reducing the effective density
of free-electrons to red-shift the plasma frequency has been used earlier for tuning
optical response of metamaterials for applications in low frequency regimes [160,
161]. Using Eq.6.11 the change in real part of dielectric constant of metal due to a

change in number density AN can be written as

I 62

_ 2 _ 2

Here C is a constant (= - ¢? /47w%c?me;). Now the condition for LSPR given by Eq.6.4
will be satisfied at a slightly longer wavelength. This will result in a red-shift of
LSPR peak. This is same as shifting the entire spectrum of the hybrid slightly to-
wards longer wavelength. Clearly once again any reduction in the number density,
say by AN, will lead to an increase in absorption. Thus the overall change in the
absorption should not only depend on the AT, as given by Eq.6.8 but should also

depend on AN. Using Eq.6.6, the total change in Ax can be written as,
Aa(A) = n(A)AT, + CS(A)AAN (6.14)

where ¢ is a constant which depends on the wavelength. A functional form of the
¢ can be obtained using Eq.6.6 and Eq.6.16. We attribute the increase in A, 0ob-
served in case of hybrid to this additional contribution that comes from electrons
hoping out of metal nanoparticle. At higher pump intensities, although the increase
in temperature is now clamped to a particular value, a larger number of hot carri-
ers will get transfered to CdTe increasing the Aajps,x. Thus in a hybrid sample at
lower pump intensities the increase in A,y is largely governed by the contribu-
tion through AT while at higher pump intensities AN also contributes to increase
Aapay- In Fig.6.5(b) we show the dependence of Ay, of Ag-CdTe hybrid sam-
ple on the pump intensity. The A, always increases with pump intensity but

at different rates above and below 4 MW /mm?. Linear fit to the data at these two
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different intensity regimes, one for the intensities lower than 3.5 MW /mm? and one
for that larger than 4 MW /mm? are also shown in Fig.6.5(b). Clearly the slopes of
these two lines are different indicating the difference in origin of their processes.
When carriers are excited in TiO; of an Ag-TiO, core-shell HNS, its LSPR peak was
found to shift due to transient changes in the dielectric constant of the coating[162].
In the present case LSPR shifts due to the changes in dielectric constant of metal due
to carriers moving out of it. It would be very useful if it is possible to estimate the

actual number of electrons hopping to CdTe QDs.

6.4 Counting the electrons hopping in AgPT-nCdTe Hy-
brid Nanostructure

Let us calculate the number of electrons hopping out of Ag PT in case of the hy-
brid nanoparticle when the pump intensity is 5.7 MW /mm?. First we estimate the
contribution to Aapg,, only from the change in number density by subtracting the
A of pure Ag PTe colloid when it T is ~ 1100 K. The contribution of change in
number density to the change in absorption (Axan(w)) is (i.e. only the second term
in Eq.6.15),

Aa(w,A,AN) = C¢(w)AAN (6.15)

As mentioned earlier the change in number density when electrons hop out of Ag
PT results in shifting the LSPR peak of the Ag particle. Then the overall change in
Awx caused by AN for a given A can be estimated using the Aa caused by a small
change in wavelength near A for a given N. For a small change in wavelength, AA,
the change in real part of dielectric constant can be estimated using Eq.6.11 and is

given by,

2
Ae, (N, AN) = e ___ANAA (6.16)

4712c2me



Chapter 6. Quantifying Charge Transport between Ag nanoplate and CdTe

118
quantum dot in a Hybrid Nanostructure
Thus the dependence of absorption on AA can be written as,
Aa(w, AN, N) = =2C¢(w)NAA. (6.17)

For small change in absorption the dependence of linear absorption coefficient on
wavelength near the A, can be used to determine the constant that defines Awx(w, A, AN).
In other words,

where 11,y is the ratio between Ax and AA. The number of electrons moving out of

a single Ag PT (An) of volume V can be estimated using,

2N

Mexp

An =

Aa(w,A,AN)V. (6.19)

Using the variation of linear absorption spectrum of the hybrid sample around 800
nm, we estimate the slope m,y,. Based on this, we find that about 200 electrons are
moving out & in of the Ag PT when the hybrid is excited at 5.7 MW /mm?. Similarly
for a pump intensity of 3.4 MW /mm?, this number is about 70. This method of
estimating number of electron hopping in and out of MNP is useful for quantifying
charge transport process in HNS. This in turn will help is optimizing the HNS for
several application. Having studied charge exchange between Ag PT and CdTe QD,
it is also important to study the effect of charge transport on PL properties of AgPT-
nCdTe HNS.
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6.5 Radiative Properties of AgPT-nCdTe Hybrid Nanos-

tructure
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FIGURE 6.7: (a) Extinction spectrum of the colloidal solutions of Ag PT,
CdTe QD and AgPT-nCdTe colloid (Mg 5).

The extinction coefficient of AgPT-nCdTe HNS, M, 5, is dominated by Ag PT
most probably due to its large volume, hence we did not get any measurable PL
emission. Therefore, to study the radiative property of HNS formed by Ag PT and
CdTe QDs, we prepared Ag PT of smaller volume and HNS was formed by mixing it
with CdTe QDs at iy = 0.5. Figure 6.7(a) shows the extinction spectra of the colloidal
solutions of Ag PT and CdTe QD in the mixing ratio, v = 0.5. TEM measurement of
Ag PT shows particles of an average diameter and thickness of 34 nm and 5.2 nm,
respectively (Fig.6.8). The extinction spectra of the Ag PT colloid shows an in-plane
dipole LSPR peak around 604 nm and an out-of-plane quadruple peak at 335 nm
(Fig.6.7)[152].

Figure 6.9(a) and (b) shows the measured PL spectra of the bare CdTe QD and
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FIGURE 6.8: TEM image of a comparatively smaller Ag PT particles.

AgPT-nCdTe colloids when excited at 405 nm and 550 nm, respectively. PL mea-
surement was done with the setup described in Chapter 2 (sec.2.4). We have used
the same PL measurement setup under same excitation conditions for all the sam-
ples. The PL spectrum is nearly Gaussian with a long tail on the higher energy side.
When compared to the PL emission from CdTe QD, the hybrid sample AgPT-nCdTe
shows three well distinct changes: (i) the strength of the PL at its peak emission got
quenched at both these excitation wavelengths, (ii) there is an enhancement in the
PL emission at the higher wavelength side and (iii) the total integrated area under
the PL spectrum remains nearly same compared to that of CdTe QD colloid i.e.102%
and 96% for 405 nm and 550 nm excitation, respectively. Due to variation in size,
the CdTe QDs present in the sample are expected have PL peak at slightly differ-
ent wavelengths. This contributes to a broadened PL spectrum for the CdTe QD
colloid. The PL measured for excitation at 405 nm showed a finite emission at 550

nm. Thus, when excited at 550 nm, QDs having emission above this energy would



Chapter 6. Quantifying Charge Transport between Ag nanoplate and CdTe
122

quantum dot in a Hybrid Nanostructure

20

15 — AgPT-nCdTe

-
o

550 600 650 700 750 800

——CdTe QD
e AGPT-nCdTe

o .o w
§ LA ' L

(b)

PL Intensity (a.u.)

4
2+
0 1 i 1 A
550 600 650 700 750 800

Wavelength (nm)

FIGURE 6.9: Photoluminescence spectrum of CdTe QD and AgPT-
nCdTe colloids when excited at (2) 405 nm and (b) 550 nm.

not contribute to the emitted PL spectrum. Hence, a spectral narrowing is expected
when excited close to the absorption edge. However, such spectral narrowing re-
mains same for the AgPT-nCdTe hybrid sample also. Since we are comparing both
the samples for each excitation wavelength the change in the PL spectrum should
be attributed to the hybrid formation only.

It is well known that the presence of MNP can lead to quenching or enhancement
in the PL emission from an SQD placed nearby. Several factors like nature of the
individual materials, the shape of the final nanoaggregate, the distance between the
metal and semiconductor, the nature of junction between them and linking medium

are known to play a role in enhancing or quenching the PL emission[17, 70, 87].
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Presence of MNP is also known to introduce additional defects states in CdTe QD

due to ligand exchange while forming the HNS[69, 71]. In the present case, the

quenching of PL strength at the peak along with an enhancement in the PL at the

lower energy side clearly indicates that part of the charge carriers from the band

edge are relaxing to the newly formed defect states from which they further decay

radiatively. The fact that the integrated area under the PL spectrum of AgPT-nCdTe

remains nearly the same as that of bare CdTe QD colloids indicates that nearly all

carriers relaxed to the defect states can relax radiatively.

Figure 6.10 and Figure 6.11 shows that the temporal evolution of the PL of CdTe QD
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FIGURE 6.10: Time-resolved PL decay kinetics of CdTe QD and AgPT-
nCdTe colloids when excited at 405 nm. Inset shows the same time-
resolved PL zoomed in time. The dotted line shows the measured IRF.
The solid lines are the best fit to the corresponding data using Eq.6.20.

colloid when excited at 405 nm and 550 nm respectively along with the measured

IRE. The temporal evolution of PL measured for CdTe QD colloid when excited at

both the photon energies fits well to a tri-exponential decay function convoluted (®)
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FIGURE 6.11: Time-resolved PL decay kinetics of CdTe QD and AgPT-
nCdTe colloids when excited at 550 nm. Inset shows the same time-
resolved PL zoomed in time. The dotted line shows the measured IRF.
The solid lines are the best fit to the corresponding data using Eq.6.20.

with the experimental IRF (I;rF), given by

F(t) = (IIRF ® Aiefit> (6.20)
=123

where A, is the i signal amplitude corresponding to the time constant (decay time)

7.

The best fit parameters obtained by fitting Eq.6.20 to the experimental CdTe QD
PL is summarized in Table-6.1 and the best fit curves are shown in Fig.6.10 and
Fig.6.11. In case of AgPT-nCdTe, when excited at 405 nm, the three different time
constant, 71, 2 and 13 turns out to be 0.70 ns, 8.7 ns and 200 ns respectively. The
shortest and longest decay times of AgPT-nCdTe increased by approximately three

times compared to that of the bare CdTe QD, while the 7, showed only a slight



Chapter 6. Quantifying Charge Transport between Ag nanoplate and CdTe

125

quantum dot in a Hybrid Nanostructure

100 1%

A, A, -A3(a) | A, EEA, EEA, (b)

80 |- 80 -
3 g,
. 60 | ~ 60 |-
@ @
E E
E 40 | .-.Eé-‘w -
< <

20 | 20

0
CdTe QD Ag-nCdTe CdTe QD Ag-nCdTe

FIGURE 6.12: The amplitudes of the best fit parameters obtained by
titting Eq.6.20 to the experimental data of CdTe QD and AgPT-nCdTe
colloid when excited at (a) 405 nm and (b) 550 nm.

TABLE 6.1: Best fit parameters obtained by fitting Eq.6.20 to the exper-
imental time-resolved PL of CdTe QDs and AgPT-nCdTe colloids.

Sample Aexe Mm) A1 %  T1(nS) A1%  T(ns) A1 % 13 (ns)

CdTe QD 405 77 0.234 0.02 14 71+ 0.2 9 65+ 2
550 72 0.234+ 0.01 17 74+ 0.1 11 63+ 2

AgPT-nCdTe 405 34 0.74+ 0.02 38 8.7+02 28 215+ 5
550 91 0.15£0.001 7 65+04 4 120+ 3

increase. The amplitude of each decay component, A;’s, has also changed dramat-
ically compared to the bare CdTe QD colloid. The amplitude of the fast lifetime
component (A1) has substantially decreased while the other two amplitudes, A,
and Ajz, have increased (shown in Fig.6.12). Figure 6.11 shows the temporal evo-
lution of the PL of AgPT-nCdTe colloid when excited at 550 nm (see Table-6.1 for
best fit parameters). When compared to CdTe QD colloid, the 71 of AgPT-nCdTe be-
comes even shorter, 0.15 ns, with a strong increase in the corresponding amplitude
A1. This is completely opposite to that when excited at 405 nm, where it has become
slower along with a reduction in amplitude compared to that of CdTe QD. The 1
once again shows only a slight change compared to that of CdTe QD, and the 73 has

increased by a factor of two.

Figure 6.13 shows the comparison of PL decay kinetics for samples when excited
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FIGURE 6.13: Comparison of time-resolved PL decay kinetics of CdTe
QD and AgPT-nCdTe colloids when excited at 405 nm and 550 nm.

at different excitation wavelengths. It has been observed that PL decay kinetics of
CdTe QD remains same for both the excitation wavelength. On the other hand,
hybrid, AgPT-nCdTe shows variation in PL decay. This kind of excitation energy
dependent PL violates the well known Kasha'’s rule. Similar violation of Kasha’s
rule has been observed in colloidal QDs attached to Au NP due to ‘on" or "off"
excitation of plasmon resonance that affects the plasmon-exciton interaction[145,
163].

As mentioned earlier, when an MNP is brought close to the SQD, several charge
and energy transfer processes occur between these two materials. In such a hy-
brid, it is known that when carriers are excited in SQD, it can get transported to
the neighboring MNP[20, 164]. Any such carrier transport would result in quench-
ing of the radiative emission and show up as an increase in the amplitude of the
fast decay component, Aj, and the reduction in A; and Ajz. Although this matches
well to the observed kinetics (Table-6.1) when excited at 550 nm, at 405 nm exci-

tation we find a completely opposite situation where A; reduces with an increase
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in Ay and A3. Hence a simple charge transport model cannot consistently explain
both the observed changes. In addition, several groups have also reported energy
transfer between the metal and semiconductor components of the hybrid like foster
resonance energy transfer (FRET) and plasmon-induced resonance energy transfer
(PIRET) [90-94]. In these process, energy get transferred non-radiatively from an
emitter to an absorber by dipole-dipole coupling which occur when the emitter and
absorber spectrally overlap[90-94]. Similar to the charge transport case, these pro-
cesses would also result in increasing A; with the reduction of A, and Az. Once
again, these processes also cannot explain the observed kinetics at 405 nm, excita-
tion. Further, the presence of MNP would also create additional defect states at the
surface of SQD[22, 40, 43, 88]. The excited charge carriers in SQD can get trans-
ported to these defect states and can relax further down radiatively. Such relaxation
would result in a reduction of Ay, the amplitude of radiative recombination, cou-
pled with a PL emission having a long lifetime. Such changes are also not observed
in the present case. Thus all these reported processes cannot consistently explain
our experimental observations.

In the present case, the aspect ratio of Ag PT is such that its in-plane dipole LSPR
peak overlaps with that of CdTe QD emission wavelength. When AgPT-nCdTe is
excited at 405 nm, the LSPR does not get excited in Ag PT; however, excitation
the photon energy is sufficient to excite carriers in the CdTe QD. Ultrafast pump-
probe measurements on such Ag nanoparticle-CdTe QD hybrid systems when ex-
cited away from the LSPR, showed that electrons excited deep into the conduction
band can get transported to Ag NP in subpicosecond and picosecond time scales
creating a charge imbalance between them[20]. These carriers, which are now in
Ag nanoparticle, return to CdTe QD through defect states in a few picoseconds time
scale. Besides, the electrons in the CdTe QD can also relax to the newly formed de-
fect states from which they can decay further down. Similarly, in this case, at 405

nm, LSPR in AgPT is not excited, therefore presence of AgPT will quickly reduce
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the number of carriers in the CdTe QD by electron transfer from CdTe QD to Ag PT.
Such a reduction in the number of charge carriers in CdTe QD will strongly reduce
the efficiency of the Auger like non-recombinations (as discussed in Chapter 5) and
this results in reduction of the amplitude of fast lifetime component, A;. The reduc-
tion in the efficiency of non-radiative recombination can increase the PL emission
from the band to band recombination[18]. Spectral overlap between PL emission
wavelength and LSPR peak can also enhance the PL emission strength of CdTe QD
in the presence of MNP in a way like antenna effect [165, 166]. We attribute the
increase in A, to the antenna effect and band to band recombination due to the re-
duction in non-radiative recombinations. The carriers which are transported to the
defect states will also relax radiatively increasing the emission from defect states[20,
143]. The increase in Az, the amplitude of the long time constant (13), can be at-
tributed to the radiative relaxation through the defect states. Note that the decay,
73, in the case of AgPT-nCdTe (215 ns) is different from that of CdTe QD (65 ns),
indicating that the processes are different.

When the AgPT-nCdTe hybrid sample is excited at 550 nm, charge carriers are
still excited in CdTe QDs, and simultaneously LSPR of Ag PT is also excited. Such
simultaneous excitation can lead to mainly three different processes, which are as
follows. First the excitation of LSPR will result in enhancement of local field in-
creasing the excited carrier density in the CdTe QD[167, 168]. Secondly, the plas-
mon can relax by exciting carriers in CdTe QD, leading to PIRET[169, 170]. Third,
the hot electrons that are formed after plasmon relaxation can also get transferred
to CdTe QD in subpicosecond time scale[164]. All these three processes will result
in a strong increase in the excited carrier density in CdTe QD. Such an increase in
the density of carriers will actively facilitate an increase in non-radiative relaxations
like, increasing the A;. An increase in the non-radiative process will always reduce
the strength of radiative recombinations, A, and A3. This explains all the changes

observed in the experiment when excited at 550 nm (Table-6.1). Consequently, the
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PL from AgPT-nCdTe quenches when compared to CdTe QDs. Thus, we see that the
excitation wavelength with respect to the overlapped emission spectrum and LSPR
absorption could alter the PL kinetics drastically in Ag-CdTe HNS unlike to the case
where these two would not overlap (Ag-CdTe hybrid in chapter 5) and always lead

to overall quenching of PL.

6.6 Summary

Attaching CdTe QDs to Ag PT brings about strong changes in its static and dynam-
ical optical response. Using the experimental linear optical response and numerical
calculations, we have shown that the change in static optical response is brought
about mainly by the change in the dielectric constant surrounding the Ag PT. The
change in transient absorption signal is brought about by the attachment of CdTe
QDs on Ag PT could not be explained simply by the change in the temperature of
free electrons in Ag PT alone. It turns out that the presence of CdTe QDs does not
allow the temperature of free electrons to rise beyond certain threshold. We have
shown that change in the number density of free electrons in metal also would con-
tribute to the change in transient absorption signal. We have also shown how this
additional change in transient absorption can be used for estimating the number of
electrons hopping from the metal nanoparticle to the semiconductor QDs attached
to it. Similar estimate is also possible in samples where electrons are transported
from the attached species to metal. In such cases the number density of free elec-
trons in metal would increase resulting in a shift which is opposite to that observed
here. Method to estimate the number of electrons getting transported at ultrafast
time scales would provide a way to optimize the design of a metal-semiconductor
hybrid system for charge transport applications like light harvesting, catalysis, light-
controlled surface plasmon polariton switch etc. We have also studied radiative

properties of similar HNS and found that PL kinetics in AgPT-CdTe hybrids was
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drastically altered by selective excitation. Excitation of a hybrid system well above
an overlapped emission (of SQD) and LSPR (of MNP) could effectively suppress the
non-radiative recombination while exciting right at the overlapped spectral regime
enhances the non-radiative recombination. It opens up possibility of designing a

material with suitable PL kinetics that is well suited for light-emitting devices
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organization. Using this method, a semiconductor quantum dot could be placed between two Ag
nanospheres in the hot-spot region. This assembly technique can be extended to other noble metals and
semiconductor quantum dots capped with thiols. This is an important step for the applications of hot-spot.
The underlying mechanism of ultrafast response in HNS is modelled using electromagnetic theory, two-
temperature model and hot-electron transport. Each of these variation plays an important role depending
on the structure of Ag-CdTe hybrid. To quantify the hot-electron transport in HNSs, a method is developed
that estimates the number of electrons hopping between the two constituents of the hybrid at ultrafast time
scales. This provides a way to optimize the design of a metal-semiconductor hybrid system for optoelectronic
and catalytic applications. Photoluminescence (PL) spectroscopy on this HNS revealed that PL kinetics
depends on the excitation photon energy when the PL emission spectrum overlaps with plasmom peak. This
opens up possibility of designing a material that is well suited for light-emitting devices. In summary, this
thesis offers a physical insight into a problem regarding the coupling mechanism in HNS at different time
scales and energies while providing an approximate quantitative solution that can be extented to other HNS

system.



